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Abstract
We present a comprehensive review of physics effects generated by leptoquarks
(LQs), i.e., hypothetical particles that can turn quarks into leptons and vice
versa, of either scalar or vector nature. These considerations include discus-
sion of possible completions of the Standard Model that contain LQ fields. The
main focus of the review is on those LQ scenarios that are not problematic with
regard to proton stability. We accordingly concentrate on the phenomenology
of light leptoquarks that is relevant for precision experiments and particle col-
liders. Important constraints on LQ interactions with matter are derived from
precision low-energy observables such as electric dipole moments, (g − 2) of
charged leptons, atomic parity violation, neutral meson mixing, Kaon, B, and
D meson decays, etc. We provide a general analysis of indirect constraints on
the strength of LQ interactions with the quarks and leptons to make state-
ments that are as model independent as possible. We address complementary
constraints that originate from electroweak precision measurements, top, and
Higgs physics. The Higgs physics analysis we present covers not only the most
recent but also expected results from the Large Hadron Collider (LHC). We
finally discuss direct LQ searches. Current experimental situation is summa-
rized and self-consistency of assumptions that go into existing accelerator-based
searches is discussed. A progress in making next-to-leading order predictions
for both pair and single LQ productions at colliders is also outlined.
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1. Introduction
Leptoquarks (LQs), also referred to as lepto-quarks, are hypothetical parti-
cles that emerge in a particularly natural fashion in extensions of the Standard
Model (SM) that unify matter [1]. They have one special property that sets
them apart from all other elementary particles. Namely, LQs can turn quarks
into leptons and vice versa [2]. They thus represent a unique source of new
physics that can be and has been extensively tested. LQ discovery would be
a tentative signal of matter unification. This would nicely dovetail with the
observed unification of weak and electromagnetic interactions.
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Even though the notion of LQs has been on the market for more than forty
years there is only a handful of reviews that cover the diverse aspects of LQ
phenomenology [3, 4, 5]. Admittedly there are several comprehensive studies of
specific facets of LQ properties [6, 7, 8, 9, 10, 11, 12] that reflect the richness of
the subject. However, there is not a single contemporary review that covers the
physics of light LQs. In our view, this is the region of parameter space where
most of the recent experimental and theoretical progress has been made. It is
thus our opinion that the time is right to remedy this situation. We accordingly
provide a comprehensive yet succinct review of past and recent advances in this
field of research.
Let us for the benefit of the reader stress what one should not expect to find
in this review. We do not intend to provide comprehensive table(s) of quanti-
tative constraints on the strengths of either single or particular combinations
of multiple couplings of leptoquarks to the SM matter as a function of the LQ
mass. That sort of analysis is very model dependent and tends to be outdated
with even moderate improvements of experimental constraints. We instead pro-
vide tools that enable one to derive relevant constraints within a well-defined
model with relative ease. As for the direct searches for LQs, we provide the
latest lower limits on the LQ masses together with the assumptions that were
used to extract them.
The outline of the review is as follows. We list possible scalar and vector
LQ states and present the associated nomenclature that one can find in the
literature in this section. We also address the issue of baryon (B) and lepton
(L) number violation with the aim to single out those LQ scenarios that are (not)
problematic with regard to matter stability. This is followed by a discussion in
Section 2 of possible completions of the SM that contain fields of an LQ nature.
From that point on we concentrate on the physics of light LQs.
A large number of important constraints on LQ interactions with matter
are extracted from precision low-energy observables in Section 3. There are,
moreover, many processes where the physics of LQs might provide observable
correlated effects. Recent notable examples include: (i) B → K∗ µ+ µ− decays,
where the LHCb Collaboration reported deviations in their measurements of
angular observables from the corresponding SM theoretical estimates; (ii) lep-
ton flavor universality ratios of B → K µ+ µ− and B → K e+ e− decays, the
most precise LHCb measurements which currently also deviate from precise SM
predictions; (iii) lepton flavor universality ratios of semitauonic b to c decays,
as reported by Belle, Babar and LHCb exhibit persisting deviations from SM
expectations. In a number of theoretical explanations TeV scale LQs were con-
sidered as likely candidates to account for these anomalies. We address these
issues within the context of a general analysis of indirect constraints on LQ
Yukawa interactions trying to make statements that are as model independent
as possible.
We proceed by addressing complementary constraints that originate from top
quark phenomenology, electroweak precision measurements and Higgs physics
in Section 4. The latter is done in view of not only the most recent results but
also those expected from the LHC.
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Finally, we discuss direct searches for LQs at colliders, in Section 5. There
is a relatively large number of new constraints that has been extracted from the
pp collisions at the LHC. However, the collider results have not originated only
from the LHC but also from PETRA, TRISTAN, LEP, Tevatron, and HERA.
We summarize past and current experimental situation and discuss the self-
consistency of assumptions that go into existing accelerator-based searches. For
example, one of them is a common ansatz (with a few notable exceptions) that
LQs decay into a particular generation of quarks and leptons without any flavor
mixings. We also present, in Section 5, the leading order and the progress in
making next-to-leading order predictions for both pair and single LQ produc-
tion.
Closing remarks are put forth in Section 6.
1.1. Nomenclature
LQs are fields that simultaneously couple to a quark and a lepton. In
local quantum field theories they can be of either scalar (spin-zero) or vec-
tor (spin-one) nature. Since the number of representations of quark and lep-
ton fields in the SM is finite and small it is easy to classify all possible LQ
states. The SM fermion multiplets are LiL ≡ (1,2,−1/2)i = (νiL eiL)T ,
eiR ≡ (1,1,−1)i, QiL ≡ (3,2, 1/6)i = (uiL diL)T , uiR ≡ (3,1, 2/3)i, and
diR ≡ (3,1,−1/3)i, where the numbers within brackets represent the SM gauge
group SU(3) × SU(2) × U(1) transformation properties. For example, a state
denoted as (3,2, 1/6) transforms as triplet (doublet) of SU(3) (SU(2)) with the
U(1) hyper-charge of 1/6. Superscript i(= 1, 2, 3) is a flavor index and subscripts
L and R denote left- and right-chiral fermion fields, respectively. Superscript T
will always stand for transposition. It is in the SU(2) group space of the SM
in this particular instance. We take quarks (leptons) to have a baryon (lepton)
number B = 1/3 (L = 1) in accordance with the usual convention. This allows
us to have a well-defined fermion number F = 3B + L for all leptoquarks.
The hyper-charge normalization is defined through Qˆ = I3 + Y , where Qˆ is
the electric charge operator that yields eigenvalues we denote with Q in units
of absolute value of the electron charge, I3 stands for the diagonal generator
of SU(2), and Y represents U(1) hyper-charge operator. The electric charge
of dR ≡ (3,1,−1/3) is, for example, Q = 0 + (−1/3) = −1/3, where dR is a
right-chiral down-type quark.
At least two neutrinos are conclusively massive. However, their Dirac and/or
Majorana nature is not yet experimentally ascertained. One might accordingly
add to the SM fermion content one or more electrically neutral fields that could
take on the role of right-chiral neutrinos. We denote these hypothetical fermions
with νR(≡ (1,1, 0)). If these states are added one could have more LQ states
than there would be in the SM model with purely left-chiral neutrinos. We
include this possibility to ensure the generality of our considerations.
We adopt a notation that was introduced in Ref. [9] to denote individual
leptoquark multiplets under the SM gauge group and provide a list of all possible
LQs in Table 1. There are, all in all, six scalar (S3, R2, R˜2, S˜1, S1, and S¯1) and
six vector (U3, V2, V˜2, U˜1, U1, and U¯1) LQ multiplets if one uses transformations
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(SU(3), SU(2), U(1)) Spin Symbol Type F
(3,3, 1/3) 0 S3 LL (SL1 ) −2
(3,2, 7/6) 0 R2 RL (SL1/2), LR (S
R
1/2) 0
(3,2, 1/6) 0 R˜2 RL (S˜L1/2), LR (S˜
L
1/2) 0
(3,1, 4/3) 0 S˜1 RR (S˜R0 ) −2
(3,1, 1/3) 0 S1 LL (SL0 ), RR (SR0 ), RR (SR0 ) −2
(3,1,−2/3) 0 S¯1 RR (S¯R0 ) −2
(3,3, 2/3) 1 U3 LL (V L1 ) 0
(3,2, 5/6) 1 V2 RL (V L1/2), LR (V
R
1/2) −2
(3,2,−1/6) 1 V˜2 RL (V˜ L1/2), LR (V˜ R1/2) −2
(3,1, 5/3) 1 U˜1 RR (V˜ R0 ) 0
(3,1, 2/3) 1 U1 LL (V L0 ), RR (V R0 ), RR (V R0 ) 0
(3,1,−1/3) 1 U¯1 RR (V¯ R0 ) 0
Table 1: List of scalar and vector LQs. See text for details.
under the SM gauge group as the classification criterion. In the first column
of Table 1 we explicitly specify the SM transformation properties that can be
easily understood on purely group theoretical grounds as follows.
All quarks (leptons) are triplets (singlets) with regard to SU(3). This means
that all LQs should transform as 3-dimensional representations of SU(3) in
order for quark–lepton–LQ contraction(s) to be invariant under the SU(3) group
transformations. In group theoretical terms one uses a singlet (1) of SU(3) in
decomposition of the direct product 3 ⊗ 1 ⊗ 3 ≡ 8 ⊕ 1 that corresponds to
quark–lepton–LQ contraction(s). The dimensionality of SU(3) representation
is thus the same for all LQs. They are all triplets of SU(3). One consequence
of this property is that some LQs can couple to a quark-quark pair while not a
single LQ can couple to a lepton–lepton pair.
The LQ dimensionality assignment under SU(2) is less trivial if compared
with the SU(3) case since both quarks and leptons are either singlets (1) or
doublets (2) of SU(2). Quark–lepton contractions can then be of triplet, dou-
blet, and singlet nature in SU(2) space since 2 ⊗ 2 ≡ 3 ⊕ 1, 2 ⊗ 1 ≡ 2, and
1 ⊗ 1 ≡ 1. These representations need to be contracted with LQs that have
the same SU(2) dimensionality in order to create gauge invariant terms. LQs
can thus be triplets, doublets, and singlets of SU(2). The dimensionality under
SU(2) can accordingly be used to distinguish between different LQs. This cor-
responds to a subscript of the LQ symbol in the third column of Table 1. If LQ
multiplets have the same dimensionality under SU(2) but differ in hyper-charge
U(1) one needs to introduce additional markings — a tilde or a bar — above
the LQ symbol. For example, there are three scalar multiplets that are singlets
under SU(2). We accordingly denote them as S1, S˜1, and S¯1. This particular
notation was introduced in Ref. [9] for all LQs except for S¯1 and U¯1 states. The
only leptons that S¯1 and U¯1 can couple to are right-chiral neutrinos that are not
part of the SM field content. This is the reason why S¯1 and U¯1 were omitted
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from the analysis presented in Ref. [9]. We note in passing that S3 and U3 were
initially denoted as ~S3 and ~U3, respectively [9].
In more recent studies a symbol assigned to a given scalar (vector) LQ is
simply replaced with Sj (Vj) [13], where j is the highest eigenvalue of I3 gener-
ator in a given SU(2) representation. The following correspondence prescribes
transition from one notation to the other: S3 ↔ S1, R2 ↔ S1/2, R˜2 ↔ S˜1/2,
S˜1 ↔ S˜0, S1 ↔ S0, S¯1 ↔ S¯0, U3 ↔ V1, V2 ↔ V1/2, V˜2 ↔ V˜1/2, U˜1 ↔ V˜0,
U1 ↔ U0, and U¯1 ↔ V¯0. Some authors denote Sj and Vj with S†j and V †j ,
respectively. See, for example, section on LQs in Ref. [14].
The LQ hyper-charge is easily deduced from group theory since it is an
additive quantity. For example, let us determine the hyper-charge of a scalar
LQ that transforms as a triplet of both SU(3) and SU(2). This state can only
be contracted with quark and lepton doublets in a gauge invariant way. The
hyper-charge of the quark–lepton contraction of doublet representations LL and
QL is (−1/2) + 1/6 = −1/3. This then implies that an LQ that contracts with
LL and QL in a gauge invariant manner has hyper-charge 1/3, i.e., (1,1, 0) ∈
(1,2,−1/2)⊗ (3,2, 1/6)⊗ (3,3, 1/3).
There are six scalar and six vector LQ multiplets under the SM gauge group.
These comprise ten different LQ states each if we disregard transformations un-
der SU(3). There are, however, only four possible (electric) charge assignments
LQs can have since they couple the up-type quarks (Q = ±2/3) or the down-
type quarks (Q = ±1/3) to the charged leptons (Q = ±1) or the neutral leptons
(Q = 0). The possible LQ charges are thus Q = ±5/3, Q = ±4/3, Q = ±2/3,
and Q = ±1/3. The upshot of this is that some fields from different LQ mul-
tiplets can, in principle, couple to the same quark–lepton combination. These
would very often provide indistinguishable (final state) signatures at modern
colliders. The couplings of the leptoquark multiplets to the SM fermions are
such that the |F | = 2 (F = 0) leptoquarks decay to quark–lepton (antiquark–
lepton) pairs. The LQ fermion number F = 3B+L is shown in the fifth column
of Table 1.
We put forward one mnemonic that concerns the LQ multiplet assignment.
Note that S3 = (3,3, 1/3) (U3 = (3,3, 2/3)) comprises three states with electric
charges Q = 4/3, Q = 1/3, and Q = −2/3 (Q = 5/3, Q = 2/3, and Q = −1/3).
These, conveniently enough, are exactly the electric charges and hyper-charges
of three scalar (vector) LQs that are singlets of SU(2), i.e., S˜1, S1, and S¯1 (U˜1,
U1, and U¯1). Since the SU(3) charge assignment is the same for all these LQs
this fact allows for an easy reconstruction of gauge transformation properties of
three scalar (vector) singlets using the quantum numbers of S3 (U3).
LQs are often referred to as being of the first, second or third generation
type. The idea behind this nomenclature is to name the LQ according to the
generation of the charged lepton and the quark it couples to. This terminology
can be ambiguous. For example, an LQ that couples to an electron and a down
quark certainly qualifies to be of the first generation type. But the same would
be true of an LQ that couples to an electron and an up quark. We will use this
nomenclature with care from time to time.
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Let us now specify all possible renormalizable interactions of scalar and
vector LQs with fermions. These interactions, excluding the ones related to the
right-chiral neutrinos, have been specified in Ref. [15]. The right-chiral neutrino
interactions, for the case of scalar LQs, have been discussed in Ref. [16]. LQs
(presumably) couple to gauge fields and the Higgs scalar of the SM. We relegate
the list of all leptoquark–Higgs couplings to Appendix A. For a full list of the
LQ couplings to photon, Z boson, W bosons, and gluon fields see Appendix B.
For more details on the LQ couplings to gauge fields we refer the reader to
Refs. [17, 18]. If more than one type of LQ multiplet is added to the SM the
gauge symmetry would allow interaction between these multiplets and the SM
Higgs scalar. The invariant LQ couplings with the Higgs scalar that correspond
to such an arrangement can be found in Ref. [19].
We will generically use y and z (x and w) to denote coupling matrices of
scalar (vector) leptoquarks with the quark–lepton and quark–quark pairs, re-
spectively. The dimension of the SU(2) representation of the leptoquark mul-
tiplet will correspond to a subscript of these matrices. We will also introduce a
superscript to denote chiralities of the fermions the LQ couples to. Our conven-
tion will be such that the first index in the superscripts of y and x is associated
with the quark chirality. Note that for scalar (vector) LQs the coupling ma-
trices to quark-quark pairs will always be of xLL or xRR (wLR or wRL) type.
We provide for convenience of the reader a summary of all leptoquark–quark–
lepton couplings in Appendix C for scalar and vector leptoquarks in Eqs. (C.1)
and (C.2), respectively.
1.2. S3 = (3,3, 1/3)
There are two operators that describe how scalar S3 interacts with matter.
They are
L ⊃+ yLL3 ijQ¯C i,aL ab(τkSk3 )bcLj,cL + zLL3 ijQ¯C i,aL ab((τkSk3 )†)bcQj,cL + h.c., (1)
where τk, k = 1, 2, 3, are Pauli matrices, i, j = 1, 2, 3 (a, b = 1, 2) are flavor
(SU(2)) indices, ab = (iτ2)ab, and Sk3 are components of S3 in SU(2) space.
We always assume summation over repeated indices. Contraction (τkSk3 ) can
be written as (~τ · ~S3). This is the reason why S3 was initially denoted as ~S3 in
Ref. [9]. It can be treated as an (iso)vector of weak isospin. We opt not to display
SU(3) indices. Superscript C stands for charge conjugation operation. Our
notation is such that for the fermion field ψ we write ψL,R = PL,Rψ, ψ = ψ†γ0,
and ψC = Cψ
T
, where PL,R = (1 ∓ γ5)/2 and C = iγ2γ0. We introduce the
gamma matrices γ0, γ1, γ2, and γ3, where γ5 = iγ0γ1γ2γ3. yLL3 ij are elements
of an arbitrary complex 3× 3 Yukawa coupling matrix. The zLL3 matrix, on the
other hand, is antisymmetric in flavor space, i.e., zLL3 ij = −zLL3 ji [16]. Matrices
y and z describe the strength of LQ interaction with the quark–lepton and
quark–quark pairs, respectively.
It is customary to refer to the quark–lepton–LQ operator via the chirality
of both fermions. If that is adopted one would refer to the first operator in
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Eq. (1) as an LL operator, where convention dictates that the chirality of the
quark precedes that of the lepton. We specify the LQ chirality properties in
the fourth column of Table 1. One can also read off the operator chirality from
the superscripts of y and x matrices for scalar and vector LQs, respectively.
In fact, the chirality properties of the LQ couplings to leptons of the SM have
also been used to classify LQs. The notation in question stipulates [20] that all
scalar (vector) LQs are denoted with SCj (V Cj ), where C denotes the chirality
of the lepton and j represents the highest eigenvalue of I3 generator of SU(2)
of a given LQ multiplet. If LQs have the same chirality and same j but differ in
hyper-charge U(1) one introduces an additional tilde or a bar above the symbol.
We present this alternative notation in the fourth column of Table 1 next to the
corresponding chirality of the LQ couplings. Note that within the SM framework
this notation corresponds to fourteen different possibilities for LQs to couple to
the quark–lepton pair. Seven of these are due to the scalar LQ couplings. There
are four more possibilities if one includes right-chiral neutrinos that are equally
shared between scalars and vectors. If the LQs couple exclusively to either
left- or right-chiral quarks they are referred to as left- and right-type LQs [19],
respectively. S3 clearly has only left-type LQ couplings to quarks.
The second operator in Eq. (1) corresponds to a “diquark” coupling of S3.
If an LQ does not possess “diquark” couplings due to the SM quantum number
assignment we refer to it as a genuine LQ [21]. Matrices associated with the
“diquark” couplings are z and w for scalar and vector LQs, respectively. In the
absence of the “diquark” couplings one could also assign B and L numbers to a
given LQ [15]. Interactions of genuine LQs could thus automatically conserve
both B and L at renormalizable level. One should, however, check that the
assignment in question is not in conflict with all possible renormalizable inter-
actions between a given LQ and the SM fields [22]. We postpone the discussion
on baryon and lepton numbers of LQs to the end of this section.
To proceed we define S4/33 = (S
1
3 − iS23)/
√
2, S−2/33 = (S
1
3 + iS
2
3)/
√
2, and
S
1/3
3 = S
3
3 , where the rational superscripts denote electric charges of S3 compo-
nents. This allows us to write
L ⊃− (yLL3 U)ij d¯C iL S1/33 νjL −
√
2yLL3 ij d¯
C i
L S
4/3
3 e
j
L+
+
√
2(V T yLL3 U)ij u¯
C i
L S
−2/3
3 ν
j
L − (V T yLL3 )ij u¯C iL S1/33 ejL−
− (zLL3 V †)ij d¯C iL S1/3 ∗3 ujL −
√
2zLL3 ij d¯
C i
L S
−2/3 ∗
3 d
j
L+
+
√
2(V T zLL3 V
†)ij u¯C iL S
4/3 ∗
3 u
j
L − (V T zLL3 )ij u¯C iL S1/3 ∗3 djL + h.c., (2)
where U represents a Pontecorvo–Maki–Nakagawa–Sakata (PMNS) unitary mix-
ing matrix and V is a Cabibbo–Kobayashi–Maskawa (CKM) mixing matrix.
Note that S3 has purely LL LQ couplings.
The specific form of the flavor structures is derived when starting from a
flavor basis which coincides with the mass-ordered mass eigenstate basis of the
down-type quarks and charged leptons. All fields in Eq. (2) are however specified
in the mass eigenstate basis. The transition from the chosen flavor to the mass
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eigenstate basis is accomplished through the following transformations: ujL →
(V †)jkukL, d
j
L → djL, ejL → ejL, and νjL → (U)jkνkL. We implicitly assume that
the individual rotations in the left-chiral sector are not physical. This might not
be the case in all circumstances.
1.3. R2 = (3,2, 7/6)
Yukawa couplings of R2 to the SM fermions are
L ⊃− yRL2 ij u¯iRRa2abLj,bL + yLR2 ij e¯iRRa ∗2 Qj,aL + h.c.. (3)
yRL2 and yLR2 in Eq. (3) are arbitrary complex 3 × 3 Yukawa matrices. In the
mass eigenstate basis we have
L ⊃− yRL2 ij u¯iRejLR5/32 + (yRL2 U)ij u¯iRνjLR2/32 +
+ (yLR2 V
†)ij e¯iRu
j
LR
5/3 ∗
2 + y
LR
2 ij e¯
i
Rd
j
LR
2/3 ∗
2 + h.c., (4)
where the LQ superscript denotes electric charge of R2 components. There are
two independent Yukawa couplings for both R5/32 and R
2/3
2 . One is of RL and
the other of LR type. If LQ couples to both left- and right-chiral quarks it is
referred to as a non-chiral LQ. R2 is thus a non-chiral LQ of the genuine kind.
We have already outlined the ambiguity attached to the first, second, and
third generation LQ nomenclature. There is yet another aspect to this issue.
Namely, LQ multiplets that transform non-trivially under SU(2) can have one
charged component to be of the first, second or third generation type but that
would not be the case with the other charged component(s) of the same mul-
tiplet. This can be nicely illustrated with this particular LQ. For example,
R
2/3
2 could be referred to as first generation LQ if y
LR
2 ij = yδ1iδ1j and yRL2 ij = 0,
i, j = 1, 2, 3, where δij is the Kronecker delta. However, R
5/3
2 would then be
an LQ that simultaneously couples an electron to all up-type quarks. We im-
plicitly assume that all unitary rotations in the flavor space of the right-chiral
sector and the individual rotations of the left-chiral sector are not experimentally
accessible.
1.4. R˜2 = (3,2, 1/6)
There are two renormalizable terms that describe interactions of R˜2 with
matter. These are
L ⊃− y˜RL2 ij d¯iRR˜a2abLj,bL + y˜LR2 ijQ¯i,aL R˜a2νjR + h.c.. (5)
We assume that there are three right-chiral neutrinos νjR, j = 1, 2, 3. y˜
RL
2 ij and
y˜LR2 ij are then elements of arbitrary complex 3 × 3 Yukawa coupling matrices.
Since the presence of right-chiral neutrinos is questionable we bar all symbols
associated with them including the superscript of the associated Yukawa cou-
pling matrix. For example, the second term in Eq. (5) is of LR type. This can
be read off from Table 1 allowing for an easy removal of the relevant coupling(s)
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if necessary. The list of scalar LQs that also includes those that couple to
(three) νR states with the associated list of fermion bilinears has been provided
in Ref. [16].
Note that R˜2 actually comprises two LQs. One has Q = 2/3 and the other
has Q = −1/3. The SU(2) contraction yields
L ⊃− y˜RL2 ij d¯iRejLR˜2/32 + (y˜RL2 U)ij d¯iRνjLR˜−1/32 +
+ (V y˜LR2 )ij u¯
i
Lν
j
RR˜
2/3
2 + y˜
LR
2 ij d¯
i
Lν
j
RR˜
−1/3
2 + h.c., (6)
where the LQ superscript denotes electric charge of a given SU(2) doublet com-
ponent of R˜2. The important point to notice is that the Yukawa couplings of
R˜
2/3
2 and R˜
−1/3
2 that are associated with y˜
RL
2 (y˜LR2 ) are related through PMNS
(CKM) parameters. These are well-measured physical parameters. (For the
latest experimental measurements of the mixing parameters see, for example,
Ref. [14].) R˜2 is clearly a genuine LQ with F = 0. In fact, all genuine LQs have
F = 0.
1.5. S˜1 = (3,1, 4/3)
The couplings of S˜1 to matter read
L ⊃+ y˜RR1 ij d¯C iR S˜1ejR + z˜RR1 ij u¯C iR S˜∗1ujR + h.c.. (7)
This LQ has purely RR couplings. One can observe that z˜RR1 is an antisym-
metric matrix in any basis.
1.6. S1 = (3,1, 1/3)
There are five possible operators that describe how S1 interacts with fermions.
These are
L ⊃+ yLL1 ijQ¯C i,aL S1abLj,bL + yRR1 ij u¯C iR S1ejR + yRR1 ij d¯C iR S1νjR+
+ zLL1 ijQ¯
C i,a
L S
∗
1
abQj,bL + z
RR
1 ij u¯
C i
R S
∗
1d
j
R + h.c., (8)
where zLL1 is a symmetric matrix in flavor space [16], i.e., zLL1 ij = zLL1 ji, whereas
all other matrices are a priori completely arbitrary.
The operators of Eq. (8), after the contraction in the SU(2) space, yield the
following terms:
L ⊃− (yLL1 U)ij d¯C iL S1νjL + (V T yLL1 )ij u¯C iL S1ejL + yRR1 ij u¯C iR S1ejR+
+ yRR1 ij d¯
C i
R S1ν
j
R + (V
T zLL1 )ij u¯
C i
L S
∗
1d
j
L − (zLL1 V †)ij d¯C iL S∗1ujL+
+ zRR1 ij u¯
C i
R S
∗
1d
j
R + h.c.. (9)
This LQ allows for LL, RR, and RR operators. S1 is often referred to simply
as a color triplet behind the “infamous” doublet–triplet splitting problem that
is frequently discussed in the field of grand unified model building.
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1.7. S¯1 = (3,1,−2/3)
S¯1 couples to one or more states that transform as νR. Accordingly its
symbol is barred. We assume, for convenience of notation, that there are three
right-chiral neutrinos in what follows. The relevant couplings are
L ⊃+ y¯RR1 ij u¯C iR S¯1νjR + z¯RR1 ij d¯C iR S¯∗1djR + h.c.. (10)
This LQ has purely RR couplings. Since it does not couple to charged
leptons it can never be referred to as first, second or third generation LQ. Note
that z¯RR1 is an antisymmetric matrix in any (flavor) basis.
1.8. U3 = (3,3, 2/3)
U3 is a genuine vector LQ with LL type of couplings. The relevant operator
reads
L ⊃+ xLL3 ijQ¯i,aL γµ(τkUk3,µ)abLj,bL + h.c., (11)
where Uk3 are components of U3 in SU(2) space and µ(= 0, 1, 2, 3) is an index in
the Lorentz space. We define U5/33 = (U
1
3 − iU23 )/
√
2, U−1/33 = (U
1
3 + iU
2
3 )/
√
2,
and U2/33 = U
3
3 , where the rational superscripts denote electric charges of U3
components. This allows us to write
L ⊃− xLL3 ij d¯iLγµU2/3µ ejL + (V xLL3 U)ij u¯iLγµU2/3µ νjL+
+
√
2(xLL3 U)ij d¯
i
Lγ
µU−1/3µ ν
j
L +
√
2(V xLL3 )ij u¯
i
Lγ
µU5/3µ e
j
L + h.c.. (12)
Vector LQs are usually associated with carriers of new interactions. This
implies that xLL3 ij in Eq. (11) can be identified with gauge couplings that measure
the strength of relevant interactions. These are flavor blind. If that is assumed
one could accordingly write xLL3 ij = xδij , where x would represents the gauge
coupling in question. We again remind the reader that we assume that the
right-chiral sector rotations are not physical. The same assumption applies to
individual rotations in the left-chiral sector. If that is not the case one needs to
insert unitary transformations of all chiral states where appropriate.
1.9. V2 = (3,2, 5/6)
V2 is vector LQ of non-chiral nature. It has the following couplings with the
SM fermions
L ⊃+ xRL2 ij d¯C iR γµV a2,µabLj,bL + xLR2 ijQ¯C i,aL γµabV b2,µejR+
+ wLR2 ijQ¯
C i,a
L γ
µV a ∗2,µu
j
R + h.c.. (13)
These couplings, in the mass eigenstate basis, read
L ⊃− (xRL2 U)ij d¯C iR γµV 1/32,µ νjL + xRL2 ij d¯C iR γµV 4/32,µ ejL+
+ (V TxLR2 )ij u¯
C i
L γ
µV
1/3
2,µ e
j
R − xLR2 ij d¯C iL γµV 4/32,µ ejR+
+ (V TwLR2 )ij u¯
C i
L γ
µV
4/3 ∗
2,µ u
j
R + w
LR
2 ij d¯
C i
L γ
µV
1/3 ∗
2,µ u
j
R + h.c., (14)
where V 4/32,µ and V
1/3
2,µ are two components of V2. These are often referred to as
X and Y gauge bosons, respectively.
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1.10. V˜2 = (3,2,−1/6)
V˜2 is vector LQ with RL and LR couplings:
L ⊃+ x˜RL2 ij u¯C iR γµV˜ b2,µabLj,aL + x˜LR2 ijQ¯C i,aL γµabV˜ b2,µνjR+
+ w˜RL2 ij d¯
C i
R γ
µV˜ a ∗2,µQ
j,a
L + h.c.. (15)
After the SU(2) decomposition, i.e., V˜2 → (V˜ 1/3, V˜ −2/3), we get
L ⊃− x˜RL2 ij u¯C iR γµV˜ 1/32,µ ejL + (x˜RL2 U)ij u¯C iR γµV˜ −2/32,µ νjL+
+ (V T x˜LR2 )ij u¯
C i
L γ
µV˜
−2/3
2,µ ν
j
R − x˜LR2 ij d¯C iL γµV˜ 1/32,µ νjR+
+ w˜RL2 ij d¯
C i
R γ
µV˜
−2/3 ∗
2,µ d
j
L + (w˜
RL
2 V
†)ij d¯C iR γ
µV˜
1/3 ∗
2,µ u
j
L + h.c.. (16)
It is very common in the grand unified theory model building community to
refer to V˜ 1/32,µ and V˜
−2/3
2,µ as X
′ and Y ′ gauge bosons, respectively.
1.11. U˜1 = (3,1, 5/3)
U˜1 is a genuine vector LQ with RR couplings. The couplings are
L ⊃+ x˜RR1 ij u¯iRγµU˜1,µejR + h.c.. (17)
1.12. U1 = (3,1, 2/3)
This is a genuine non-chiral vector LQ that has the following couplings:
L ⊃+ xLL1 ijQ¯i,aL γµU1,µLj,aL + xRR1 ij d¯iRγµU1,µejR + xRR1 ij u¯iRγµU1,µνjR + h.c.. (18)
In the mass eigenstate basis one obtains
L ⊃+ (V xLL1 U)ij u¯iLγµU1,µνjL + xLL1 ij d¯iLγµU1,µejL+
+ xRR1 ij d¯
i
Rγ
µU1,µe
j
R + x
RR
1 ij u¯
i
Rγ
µU1,µν
j
R + h.c.. (19)
U1 is part of the gauge sector of the Pati–Salam model [2]. It is thus the
very first LQ that was studied in the literature.
1.13. U¯1 = (3,1,−1/3)
U¯1 couples exclusively to the right-chiral neutrinos. It has only the RR type
of couplings. These read
L ⊃+ xRR1 ij d¯iRγµU¯1,µνjR + h.c.. (20)
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1.14. B and L considerations
This is a review on LQs in precision experiments and at particle colliders.
We will thus not delve too deep into the issues of B and L conservation unless
absolutely necessary. The idea instead is to succinctly present main reasons
why the observed level of matter stability puts stringent constraints on the way
leptoquarks couple to the SM fermions. For exhaustive reviews on proton decay
see, for example, Refs. [23, 5].
LQs have a well-defined fermion number F = 3B + L that is shown in the
fifth column of Table 1. Again, the couplings of the leptoquark multiplets to
the SM fermions are such that the |F | = 2 (F = 0) leptoquarks decay to quark–
lepton (antiquark–lepton) pairs. In the absence of the “diquark” couplings one
could, in principle, also assignB and L numbers to a given LQ in a self-consistent
manner. This would allow one to concentrate on the low-energy phenomenology
of these states without the pressing need to address the issue of matter stability.
Note, however, that the LQ in question could couple to other fields in the
SM in both the gauge and Lorentz invariant way that would violate the self-
consistency of the B and L assignments. For example, even though R˜2 does not
possess “diquark” couplings it can couple to the Higgs field H of the SM via the
renormalizable operator HR˜2R˜2R˜2. This would lead to the p → pi+ pi+ e− ν ν
process [22]. We will, for the time being, assume that this particular operator
can be either neglected or altogether forbidden by (some) symmetry.
There are two scalar LQs — R2 and R˜2 — that do not possess “diquark”
couplings. The same statement is valid for vector LQs U3, U˜1, U1, and U¯1.
These six genuine LQ multiplets can all be assigned a baryon number B = 1/3
and lepton number L = −1 if one considers only couplings to fermions. One can
easily single them out in Table 1 as they all have F = 3B + L = 0. LQs with
F = −2, on the other hand, can mediate proton decay if one does not forbid the
“diquark” coupling(s) to make them purely LQs [24]. Strictly speaking, these
statements hold true within a framework comprising the SM and a single LQ
state at renormalizable level. The situation might be much more involved in
any other framework.
LQs that mediate proton decay and bound neutron decay at tree-level need
to be very heavy and/or some of their couplings to matter need to be extremely
small. Either way, they are irrelevant for low-energy phenomenology. The lower
bounds on the masses of the |F | = 2 vector LQs due to proton decay lifetime
data are particularly severe. These states have been extensively investigated
in the context of grand unified theories, where, again, V 4/32,µ , V
1/3
2,µ , V˜
1/3
2,µ , and
V˜
−2/3
2,µ are referred to as X, Y , X
′, and Y ′ gauge bosons, respectively.
Vector LQs couple to matter via gauge couplings. These couplings can be
related to the measured gauge couplings and are thus well-known in most of the
available models. The only thing that is a priori not determined are rotations in
the left- and right-chiral sectors but these need to be unitary. (See, for example,
Eqs. (14) and (16).) The lower bound on the LQ mass due to the matter stability
constraints can be easily estimated on general grounds. Let us denote the mass
of proton decay mediating vector LQ or any LQ for that matter to be mLQ. The
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Figure 1: Schematic representation of tree-level proton decay p → pi0 e+ due to vector and
scalar LQ mediation in the left and right panels, respectively. x and w (y and z) represent
relevant gauge (Yukawa) coupling strengths of vector (scalar) leptoquarks to the quark–quark
and quark–lepton pairs, respectively.
relevant schematic diagram for two-body proton decay p→ pi0 e+ mediated by,
for example, either V 1/32 or V˜
1/3
2 is given in the left panel of Fig. 1, where we
take x and w to represent generic values of gauge coupling strengths of vector
leptoquarks to the quark–quark and quark–lepton pairs, respectively. We also
promote all unitary transformations of fermion fields into identity matrices to
make the most conservative estimate possible. The amplitude (decay width)
associated with this process is proportional to (xw)/m2LQ ((xw)
2/m4LQ). To get
the dimensions right, one needs to introduce the only other relevant scale in the
problem, i.e., the proton mass mp. We thus have the following decay width (Γ)
estimate for the proton due to the exchange of vector LQs
Γ ∼ (xw)
2
m4LQ
m5p. (21)
If we take x = w = 1/2, mp ≈ 1GeV and τ exp.p > 1.0×1034 years [25] we get that
mLQ & 1016 GeV. One can certainly refine this constrain within a well-defined
model but the scale we present is rather accurate.
To establish a lower bound on the mass of the |F | = 2 scalar LQs that
mediates proton decay we proceed in the same manner. The relevant schematic
diagram for two-body proton decay p→ pi0 e+ mediated by, for example, scalar
LQ S1 is given in the right panel of Fig. 1, where we take y and z to represent
generic values of relevant Yukawa couplings of the leptoquark with the quark–
quark and quark–lepton pairs, respectively. This time the decay width reads
Γ ∼ |y|
2|z|2
m4LQ
m5p. (22)
If we now associate |y| and |z| with Yukawa coupling of the up quark (|y| =
|z| ≈ 10−5) we get mLQ & 2 × 1011 GeV. Note that the limits on a scalar LQ
mass are approximately a factor of
√|yz|/|xw| ≈ 10−5 weaker with respect to
the limits on the mass of vector LQs.
There are ways to avoid and/or lower these stringent bounds even within a
framework that only allows for three generations of the SM fermions. One can,
for example, use unitary transformations to partially suppress [26] and/or com-
pletely rotate away proton decay due to the vector LQ mediation for some [27]
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Figure 2: Schematic representation of tree-level proton decay p → K+ ν due to LQ R2/32
mediation. Coupling λ represents dimensionless coefficient of dimension five operator (sup-
pressed with appropriate scale), y represents relevant Yukawa coupling(s), and 〈H〉 stands for
the vacuum expectation value of the SM Higgs field.
or all available decay channels [28] at the leading order. Proton decay through
scalar LQ exchange involves dependence on Yukawa couplings. This makes it
even more model dependent when compared with the vector LQ case. It can
consequently be completely or partially suppressed with a suitable choice of
the LQ couplings to matter [5, 29]. Also, some scalar LQs generate suppressed
contributions to proton decay due to intrinsic particularities of their flavor struc-
ture. This, for example, is the case with S˜1 that has antisymmetric couplings
to the up-type quark bilinears [30, 29, 31]. There are also numerous ways to
forbid “diquark” coupling(s) altogether.
It has been recently argued that even the SM extension with a single scalar
LQ multiplet R2 or R˜2 could yield an unacceptably high level of baryon number
violation if one allows operators of dimension five that are suppressed by the
Planck scale and that feature couplings of order one [31]. For example, R2 can
couple to two down-type quarks and the Higgs field (H) via the dimension five
operator to generate proton decay. See, for example, Fig. 2 for a representative
diagram. It has also been shown that this class of operators can be forbidden
in a systematic way [31], if needed.
2. Leptoquark models
LQs are fields that are a natural outcome of unification of quarks and lep-
tons [1] as initially proposed in the Pati–Salam model [2]. It was clear from the
very onset that they would turn quarks into leptons and accordingly generate
qualitatively new physical effects. This notion has been further supported with
a successful unification of quarks and leptons into simple groups of SU(5) [32]
and SO(10) [33, 34], where the exchange of vector LQs was shown to lead to
yet to be observed physical processes of proton and bound neutron decay.
Unification of leptons and quarks into the same representation requires uni-
fication of scalar LQ(s) with the SM Higgs boson if one resorts to simple groups.
These scalar LQs very often tend to mediate proton decay. This is in fact the
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source of the so-called doublet–triplet splitting problem we refer to when we dis-
cuss Yukawa couplings of scalar LQ S1 in Section 1. Namely, one must address
the fact that the SM Higgs boson, a doublet of SU(2), has to be light whereas
an associated LQ, a triplet of SU(3), needs to be very heavy to satisfy experi-
mental constraints on the proton lifetime. The mass splitting of this magnitude
is highly unnatural especially since both the doublet and the triplet reside in
the same representation. This proved to be very challenging and has led to an
alternative way to unify fermions into a flipped SU(5) framework [35, 36, 37, 38]
that is based on an SU(5)× U(1) embedding of the SM fields.
We will demonstrate with explicit models that the potential lightness of
scalar LQs in the context of grand unified theories, if LQs are phenomenologi-
cally allowed to reside at low scale, is usually directly connected to viable gauge
coupling unification. Naturally, it is necessary and sometimes difficult in view
of preceding comments to insure that the light LQ scenario is compatible with
proton (and bound neutron) stability.
Introduction of supersymmetry (SUSY) has opened a door to a rich LQ phe-
nomenology. A closer look at the SM fermion transformation properties shows
that scalar partners of all quarks carry correct quantum numbers to couple
quarks to leptons the way LQs do. The actual realization of these scenarios
within SUSY framework, though, requires explicit R-parity violation to facili-
tate necessary couplings [39, 40, 41, 42]. (It is possible to combine the idea of
unification with R-parity violation. For the proposals on how to embed R-parity
violating interactions in the grand unified theory frameworks see, for example,
Refs. [41, 43].) This is an extremely reach subject that partially overlaps with
the scope of present review. We do not, however, intend to cover physics of
R-parity violation and instead point the reader to extensive reviews and stud-
ies on the subject [44, 45, 46, 47, 48, 42, 49, 50]. Supersymmetric partners
of leptoquarks are sometimes referred to as leptoquarkinos. The relevant phe-
nomenology of the latter has been discussed in Ref. [51].
LQs also appear within technicolor scenarios [52, 53, 54, 55] and composite
models [56, 57, 58], where one expects them to reside at a sufficiently low energy
scale to be directly accessible with modern colliders. For the early studies of
the possible signatures of technipions — the particles of leptoquark nature —
within a technicolor scenario at hadron and/or e+e− colliders see Refs. [59, 60].
An example of how scalar LQs can arise as pseudo-Nambu Goldstone bosons
of a spontaneously broken, approximate symmetry, within the Pati–Salam em-
bedding can be found in Ref. [61]. Phenomenology of the third generation LQs
in models where electroweak symmetry breaking is driven by strong dynamics,
and strategies on how to look for these states at the LHC have been discussed
in Ref. [62].
Phenomenology of light LQs has also been discussed within superstring the-
ory that is compactified on a Calabi–Yau manifold [63]. For the discussion of
how the leptoquarks emerge from the superstring derived models see Ref. [64].
LQs have furthermore been proposed to transmit spontaneous charge and
parity (CP) breaking to quarks and leptons of the SM in models that aim to
solve the strong CP problem [65].
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LEPTOQUARK SU(5)
S3 ≡ (3,3, 1/3) 45,70
R2 ≡ (3,2, 7/6) 45,50
R˜2 ≡ (3,2, 1/6) 10,15,40
S˜1 ≡ (3,1, 4/3) 45
S1 ≡ (3,1, 1/3) 5,45,50,70
S¯1 ≡ (3,1,−2/3) 10,40
U3 ≡ (3,3, 2/3) 35,40
V2 ≡ (3,2, 5/6) 24,75
V˜2 ≡ (3,2,−1/6) 10,40
U˜1 ≡ (3,1, 5/3) 75
U1 ≡ (3,1, 2/3) 10,40
U¯1 ≡ (3,1,−1/3) 5,45,50,70
Table 2: List of SU(5) representations (right column) that accommodate LQs (left column).
Finally, there are scenarios that are extensions of the SM that simply add
one or more LQs and possibly some other fields to the experimentally observed
ones in order to address certain phenomenological issue(s) such as the origin
of neutrino mass, to name one example. We will discuss this type of scenarios
towards the end of this section.
2.1. Unification scenarios
One can say with certainty that any unification leads to appearance of
LQs. The real question from the theoretical point of view is whether these
LQs can be or are predicted to be light enough to be relevant for the low-
energy phenomenology. The possibility to embed light LQs into SUSY and/or
non-SUSY grand unified theory scenarios has been discussed, for example, in
Refs. [66, 8, 67, 68, 69, 70, 71, 72, 73, 74]. Our intention is to discuss models
of gauge unification that predict light LQs. We will accordingly start with the
LQs in SU(5) gauge group since the language of SU(5) is often used to sim-
plify discussions of more complicated frameworks. Before we proceed we list in
Table 2 the most commonly used representations in SU(5) that also accommo-
date LQs. The LQ embedding in the SU(5) representations has already been
presented and discussed, for example, in Ref. [4]. In what follows we denote
representations through their dimensionality using conventions of Ref. [75].
The SM fermions comprise three ten-dimensional representations (10i) and
three five-dimensional representations (5j), where i, j(= 1, 2, 3) are family in-
dices. Namely, 10i ≡ (1,1, 1)i ⊕ (3,1,−2/3)i ⊕ (3,2, 1/6)i = (eCi , uCi , Qi)
and 5j ≡ (1,2,−1/2)j ⊕ (3,1, 1/3)j = (Lj , dCj ) [32]. Note that all of the
SM fermions in a given SU(5) multiplet are left-chiral. (This allows us to
drop the chirality subscript that we use throughout Section 1.) All potentially
relevant contractions of these representations in the SU(5) group space read
10 ⊗ 10 = 5 ⊕ 45 ⊕ 50, 10 ⊗ 5 = 5 ⊕ 45, and 5 ⊗ 5 = 10 ⊕ 15. It is now
easy to single out those scalar representations that can directly couple to two
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fermion fields at the renormalizable level. These are the 5-, 10-, 15-, 45-, and 50-
dimensional representations. On the other hand, the only scalar representations
that contain fields capable of getting vacuum expectation value (VEV) without
breaking electric charge and color are 5-, 15-, 24-, and 45-dimensional repre-
sentations. Even though 24-dimensional representation does not contain scalar
LQs we note that vector LQs in SU(5) reside in an adjoint representation. This
simply means that the only vector LQ that always appears in any SU(5) model
is V2. (Again, V
4/3
2 and V
1/3
2 — two LQs comprising the SM multiplet V2 —
are referred to as X and Y gauge bosons, respectively. See Eq. (13) for relevant
couplings of these fields with matter.) Since at least one scalar representation
with LQs needs to be present in the concrete model to generate electroweak
symmetry breaking and fermion masses we can state with certainty that there
is always at least one vector and one scalar LQ in any scenario that is based on
the SU(5) gauge group.
If the SU(5) scenario is realized with the minimal scalar content there would
be two LQs in the theory and both would need to be superheavy. For example,
the most stringent experimental limit on the mass of V2 in the Georgi–Glashow
model [32] originates from two-body proton decay p→ pi0e+. The flavor depen-
dent part of the proton decay width in this channel in the minimal SU(5) model
is equal to [1 + (1 + |V11|2)2], where V11 is the 11 element of the CKM mixing
matrix. (In flipped SU(5) the flavor dependent part of p→ pi0e+ process medi-
ated by V˜2 gauge boson is |V11|4 [35].) In a more realistic setting with regard to
fermion masses this term can be completely rotated away. However, one can-
not simultaneously suppress all two-body proton decay channels in SU(5) [26].
(One can actually suppress all relevant channels in flipped SU(5) [28].) In
particular, phenomenologically viable suppression in SU(5) cannot drive flavor
dependent term for proton decaying into an s-meson and a muon below a value
of 2|V13|2 [27], where |V13| ∼ 0.004 is the absolute value of the 13 element of
the CKM mixing matrix. Even with this level of suppression one would get a
lower bound on the mass of V2 to be of the order of 1013 GeV. The point is that
V2 within the SU(5) framework is irrelevant for the low-energy phenomenology
except for proton decay.
The lower bound on the scalar LQ mass can also be derived. If one takes
the Georgi–Glashow model [32] but allows for realistic fermion masses through
higher-dimensional operators it can be shown [76] that the mass limit is gener-
ated by the experimental bound on the partial lifetime for p → K+ν channel.
It depends only on one a priori unknown phase φ via a term proportional to
(m2u + m
2
d + 2mumd cosφ)
−1/4, where mu and md are the up quark and the
down quark masses, respectively. This result implies that the mass of the scalar
LQ S1 needs to be above 2.4× 1011 GeV for the SU(5) model to be viable with
certainty. Here we present the limit using τp→K+ν > 5.9 × 1033 years [77]. (In
the minimal flipped SU(5) scenario the corresponding limit on the scalar LQ
S1 mass from p → K+ν channel is 1012 GeV [29].) The main message of this
discussion is that presence of light LQs in any scenario that is based on the
SU(5) gauge group requires additional scalar representations beside those of
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the minimal model. For the first study of the light scalar LQ phenomenology
within the SU(5) framework see Ref. [8].
Let us finally give an example of how (very) light scalar LQs might appear in
SU(5). We describe a model presented in Ref. [71]. The authors start with the
Georgi–Glashow model and add to it one 5-dimensional and two 10-dimensional
scalar representations. The Georgi–Glashow (GG) model [32] itself consists
of matter fields — 10i and 5i (i = 1, 2, 3) — and scalars comprising one 24-
and one 5-dimensional representation to start with. All vector bosons, on the
other hand, reside in one 24-dimensional representation. The VEV of the scalar
adjoint breaks SU(5) down to SU(3) × SU(2) × U(1) and the fundamental
scalar representation is there to provide electroweak symmetry breaking, i.e.,
SU(3) × SU(2) × U(1) → SU(3) × U(1)em. The authors of Ref. [71] proceed
by assuming the validity of the “desert hypothesis” which stipulates that the
fields are either superheavy or very light. The only light fields beside the SM
fermions and gauge bosons are, by assumption, two multiplets in 5-dimensional
representation and two multiplets in 10-dimensional scalar representation that
transform as (1,2, 1/2) and (3,2, 1/6), respectively. This particular field content
and these assumptions lead to unification of gauge couplings if the additional
scalar fields reside at the electroweak scale. We show in Fig. 3 running of gauge
couplings αi = g2i /(4pi), i = 1, 2, 3, within the SM framework (solid lines) with
one Higgs scalar and confront it with the unification scenario when additional
scalar fields are taken to be at the common scale of 102 GeV (dashed lines).
g3, g2, and g1 are couplings associated with SU(3), SU(2), and U(1) gauge
groups, respectively. To produce Fig. 3 we use α3 = 0.1176, α−1em = 127.906,
and sin2 θW = 0.23122 [78], where these (central) values are given at mZ in the
MS scheme.
Admittedly, the model of Ref. [71] is not (any more) phenomenologically
viable for multiple reasons. We, nevertheless, opt to present this scenario since
it provides a kind of connection between the unification scale and the scalar
LQ mass scale that persists in other models that predict light LQs. Scalar LQs
simply need to be light if couplings are to unify.
The model of Ref. [71] can be furthermore used to demonstrate how dif-
ficult it is to insure matter stability. Namely, there are multiple operators
that should be suppressed if one is to prevent rapid proton decay. For exam-
ple, the contraction αβγδη10αβ10γδ10ην5ν of four scalar representations yields
an operator that involves three LQs ((3,2, 1/6) = R˜2) and one Higgs field
((1,2, 1/2) = H) that could eventually lead to p → pi+ pi+ e− ν ν process [22].
(See discussion in Section 1 for details.) Here, αβγδη is Levi-Civita tensor and
α, β, γ, δ, η, ν(= 1, . . . , 5) are SU(5) indices. Moreover, if one allows for contrac-
tion 5α10αβ5β of scalar representations 5(= (H,S1)) with two 10-dimensional
scalar representations that differs from zero when there is more than one 5 one
can get contribution to proton decay that is shown in Fig. 4 [79]. It might be
possible to forbid all problematic operators using additional symmetries that
are external to the underlying gauge group.
Note that additional representations in the previous example are introduced
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Figure 3: Running of gauge couplings with the SM particle content (solid lines) and with ad-
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Figure 4: Contribution to proton decay due to mixing between two color triplets and the
Higgs scalar.
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for the sole purpose of improving unification. There are, however, scenarios that
have additional representations beside those in the GG model that do not only
improve some of its shortcomings but also predict existence of light LQs in a self-
consistent manner along the way. For example, the model presented in Ref. [74]
extends the GG model with only one 15-dimensional scalar representation. The
VEV of electrically neutral field in 15(≡ (1,3, 1) ⊕ (6,1,−2/3) ⊕ (3,2, 1/6))
generates experimentally observed neutrino masses through the type II see-saw
mechanism [80, 81] while all the multiplets in 15 help establish gauge coupling
unification. The operator responsible for neutrino masses is yij5i α15αβ5j β ,
where y is symmetric matrix in flavor space. One of the fields in 15-dimensional
scalar representation that transforms as (3,2, 1/6) ≡ R˜2 turns out to be rather
light in order for unification to take place at sufficiently high energy scale.
Yukawa coupling matrix y˜RL2 that is introduced in Eq. (5) is predicted to be
symmetric since it is proportional to the matrix y up to a multiplicative con-
stant. The model thus connects both proton decay physics and neutrino physics
to the leptoquark physics that can be probed at the LHC. The phenomenology
of this model that relies on higher-dimensional contributions to generate viable
charged fermion masses has accordingly been extensively studied [74, 82, 83].
(Available parameter space of the model is shown in Fig. 1 of Ref. [83].) The
fact that the model relates neutrino masses to the LQ decay pattern has been
exploited to show that LQ decay signatures depend on the possible neutrino
mass hierarchies in a testable way [84].
Another possible class of SU(5) models that might yield light scalar LQs is
the one that resorts to 45-dimensional scalar representation to address the ob-
served difference between down-type quark masses and charged lepton masses
in a manner initially proposed by Georgi and Jarlskog [85]. Note that three
out of six scalar LQs reside in 45-dimensional representation as can be seen in
Table 2. This representation has two renormalizable contractions with the SM
fermions. These are y′ijαβγδη10
αβ
i 10
γδ
j 45
ην
ν and y′′ij10
αβ
i 5j, ν45
ν
αβ , where y′
and y′′ are Yukawa coupling matrices in flavor space. The former operator gen-
erates an antisymmetric contribution to the up-type quark masses [86] whereas
the latter one yields contributions to the down-type quark masses and charged
lepton masses [85]. Only recently it has been shown that two LQs — S3 and S˜1
— in 45-dimensional representation might be light if one completely suppresses
operator proportional to y′ or makes y′′ symmetric in flavor space [29]. (See
Table II in Ref. [29] for explicit couplings of the LQs to fermions due to SU(5)
contractions.) In fact, it has been shown that phenomenologically viable sce-
nario of SU(5) unification with one 45-dimensional scalar representation that
was introduced in Ref. [87] yields light S˜1 with a mass around 1TeV [21]. This
regime when S˜1 is accessible at the LHC was further investigated in Ref. [88].
The possibility that one could have a scalar LQ that is light within the
context of SO(10) unification has been pursued in Ref. [66]. It has been shown
that a particular chain of symmetry breaking results in a collider accessible LQ.
Again, successful unification predicts light leptoquark. Note that the SO(10)
framework involves two sets of vector LQs — V2 and V˜2 — that reside in 45-
dimensional representation of SO(10). In view of our discussion on matter
22
stability within the context of SU(5) and flipped SU(5) they both need to be
superheavy in the most conservative scenario. The point is that if one wants to
construct self-consistent model of unification with light vector LQs one needs
to look beyond simple groups of SU(5) or SO(10). See, for example, Refs. [67,
68, 69] for explicit model realizations within an SU(15) framework.
SO(10) gauge symmetry allows for multiple scalar LQs to be light if needed.
For example, the SU(5) operator y′′ijαβγδη10
αβ
i 10
γδ
j 45
ην
ν that was discussed in
the previous paragraph can be embedded into an SO(10) operator yij16i16j126,
where three 16-dimensional representations contain the SM fermions and three
right-chiral neutrinos while 126-dimensional representation is the relevant scalar
representation containing LQs. The SO(10) symmetry insures symmetricity of
yij in flavor space which might allow for S3 and S˜1 LQs that reside in 126 to
be light. The absence of the “diquark” couplings for both S3 and S˜1 in 126 of
SO(10) is simply due to the underlying gauge symmetry of the model.
The possibility to have light fields that are triplets of SU(3) and singlets
of SU(2) of vector-like nature that could decay through leptoquark-type or
“diquark”-type couplings has been investigated within a supersymmetric context
in Ref. [89]. The authors use the language of E6 to provide motivation for the
origin of such fields and discuss at length potential signals of these states at the
LHC.
Another E6 inspired model — the so-called Alternative Left–Right Sym-
metric Model — has been studied in order to provide an explanation of the
observed enhancement of the B¯ → D(∗)τ ν¯ rates with respect to the SM predic-
tions via the scalar leptoquark exchange [90]. The authors show compatibility
of couplings that are required to explain experimental data on B¯ → Dτν¯ and
B¯ → D(∗)τ ν¯ with constraints originating from leptonic decays D+s → τ+ν¯,
B+ → τ+ν¯, D+ → τ+ν¯, and D0–D¯0 mixing.
One can get light vector LQs in scenarios that do not exclusively rely on
the use of simple groups. A prime example of potentially light vector LQ in
the literature is (3,1, 5/3) ≡ U1. It is a vector LQ that is not dangerous for
proton decay. Also, it is a part of the gauge sector of the Pati–Salam model [2].
The mass of U1 is thus associated with the scale of the Pati–Salam SU(4) color
gauge group breaking into the color group of the SM. The coupling strength
of the Pati–Salam LQ to matter is consequently determined by the strength of
the QCD coupling at the Pati–Salam symmetry breaking scale. See Eq. (18)
for relevant couplings of U1 to matter. The lower limit on the mass of this
leptoquark has been discussed in Refs. [91, 7, 92]. An explicit model with
light U1 that is based on the SM gauge group extended with an SU(4) gauge
symmetry has been presented in Ref. [93].
Two low scale quark–lepton unification scenarios that predict existence of
both vector and scalar LQs have been presented in Refs. [94, 95]. The unification
scenarios are based on the SU(4)C×SU(2)L×U(1)R gauge group product. The
individual analyses of these scenarios presented in Refs. [96, 95] stipulate that
scalar LQs could be accessible at the LHC and in the IceCube experiment [97].
The scalar LQs in question are SU(2) doublets R2 and R˜2. The model presented
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Figure 5: One-loop diagram of neutrino mass generation. Scalar LQ fields that mix due to
the couplings with the SM Higgs boson H are bracketed. Flavor indices are omitted.
in Ref. [95] also addresses the nature of neutrino mass that is of Majorana type
through an inverse seesaw mechanism.
2.2. Low-energy scenarios of neutrino mass
LQs have been used to address the question of neutrino masses and associ-
ated mixing parameters within extensions of the SM that do not necessarily aim
or lead to unification [98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110].
Namely, it has been stipulated that the neutrino masses are of the one-loop or
two-loop origin, where some of the fields that participate in the loops are scalar
LQs. This approach is used to naturally explain or justify observed smallness
of neutrino masses.
Let us outline the main features of this approach. We require the presence
of R˜2. More specifically, we need a term proportional to y˜RL2 d¯RνLR˜
−1/3
2 , where
we omit flavor indices. Note that R˜−1/32 couples neutrino to the right-chiral
down-type quark. The other necessary ingredient is the presence of either S1
or S3. Both of these LQs couple the leptonic doublet with the quark doublet
representation. They thus couple neutrino to the left-chiral down-type quark.
The required couplings are either yLL1 d¯CLνLS1 or y
LL
3 d¯
C
LνLS
1/3
3 . At this point
it is sufficient to introduce mixing between R˜2 and either S1 or S3 through the
Higgs boson H of the SM to generate neutrino mass(es) at the loop level. The
particles in the loop are leptoquarks and the down-type quarks. The schematic
depiction of this approach can be written as follows:
y˜RL2 d¯RνLR˜
−1/3
2
↗ R˜2HS1 ←→ yLL1 d¯CLνLS1
↘ R˜2HS3 ←→ yLL3 d¯CLνLS1/33
(23)
The one-loop diagram of neutrino mass generation that corresponds to the mix-
ing between R˜2 and S3 is given in Fig. 5. The loop is closed through a mass
insertion for the down-type quarks. To have a loop with the up-type quarks
one would need to start with R2/32 leptoquark. It is also possible to generate
neutrino masses through the loops that involve leptoquarks of vector nature.
This has been done in Ref. [110]. We discuss several explicit realizations of this
approach in what follows.
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The one-loop scenario for neutrino masses that involves the R˜2–S1 mixing
has been discussed in Ref. [98]. The proposed model is based on the supersym-
metric SM with an explicit R-parity conservation. The non-supersymmetric
neutrino mass model presented in Ref. [99] studies potential contributions of
three scalar LQs — S3, S1, and R˜2 — towards neutrino masses. Again, the
idea is to couple these LQs to the quark–lepton pairs and to introduce mixing
between different LQs that is due to the coupling of S3–R˜2 and S1–R˜2 multi-
plet pairs to the Higgs boson of the SM. It is this mixing that generates small
neutrino masses of the Majorana type through loop effects. In both cases the
fermions in the loop are the down-type quarks. Note that the realization of
proposed scenarios requires one to forbid “diquark” couplings to prevent rapid
proton decay. The proposed scenario of Ref. [99] has furthermore used experi-
mental results on neutrino oscillations to constrain specific combinations of LQ
couplings to quark–lepton pairs and to the Higgs boson as a function of LQ
masses.
Neutrino mass generation at the one-loop level by LQ exchange has also been
studied in Ref. [100]. The authors consider all possible interactions of LQs with
the Higgs boson to generalize the neutrino mass generation analysis. This ap-
proach also allows the up-type quarks in the loop, where one requires a presence
of R2 leptoquark to get the coupling yRL2 u¯iRν
j
LR
2/3
2 . Note that R
2/3
2 cannot mix
directly with the Higgs and S−2/33 component of S3 but that can be overcome
with the help of R˜2. The proposed scenarios establish a link between the LQ
decay pattern and Yukawa couplings that are responsible for the neutrino mass
matrix. Consequentially, measured neutrino data are used to predict several
decay branching ratios of LQ states that can be tested at the LHC. The authors
of Ref. [100] single out large lepton flavor violating rates in muon and tau final
states as the most interesting signatures of the proposed scenario. The study
presents neutrino mass formulas containing all possible LQs in the loops taking
into account both the down-type and up-type quark contributions.
One-loop model of Majorana neutrino mass that employs S3 and R˜2 LQs
is presented in Ref. [108]. The corresponding one-loop diagram of neutrino
mass generation is given in Fig. 5. The model of Ref. [108] uses the same LQ
multiplets that help generate neutrino mass to address the observed anomaly in
RK [111] by the LHCb Collaboration [112].
Neutrino mass generation that relies on LQs can also be at the two-loop
level [101]. This approach can justify even better the observed smallness of
the relevant mass parameters than the one-loop level approach. This particular
possibility has been pursued in the supersymmetric version of the SM with the
use of specific R-parity violating couplings [101]. Another model of radiatively
induced neutrino mass at the two-loop level that uses scalar LQs in the TeV
range is given in Ref. [102]. See Fig. 6 for a representative two-loop diagram with
the gauge boson in the loop. (There is one more contribution to the neutrino
masses that involves the Higgs scalar in the loop. See Fig. 1 of Ref. [102].)
The proposed LQs of the model — S1 and R˜2 — mix through the SM Higgs
boson. They are accessible at the LHC and their decay branching ratios can
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Figure 6: Two-loop diagram of neutrino mass generation due to the LQ and W boson
exchange. Scalar LQ fields that mix due to the couplings with the SM Higgs boson are
bracketed. Flavor indices are omitted.
probe neutrino oscillation parameters [102]. The presence of these LQs can also
substantially affect both the single and the pair Higgs productions as shown in
Ref. [113]. The two-loop models of neutrino masses that use LQs that could be
accessible at the LHC have also been studied in Refs. [103, 104].
Recently, four systematic studies of radiatively induced neutrino mass mod-
els that also include the LQ loop scenarios have been conducted in Refs. [105,
106, 107, 109]. The first one places an emphasis on the predictions related to
the LHC physics [105]. The second one has studied in detail the two-loop real-
izations of the Majorana neutrino mass [106]. The third work emphasizes the
connection between double beta decay and neutrino mass models [107] whereas
the fourth one addresses the ability of the one- and two-loop neutrino mass
models to be compatible with the gauge coupling unification. (For a mechanism
that leads to the neutrinoless double beta decay through the exchange of either
scalar or vector LQs see Ref. [114].)
2.3. Flavor models
If the LQs do not couple to diquarks there is no eminent danger of proton
decay. Also, the flavor constraints usually allow for light LQs if these couple
diagonally and in chiral manner to the fermions in the mass eigenstate basis. The
model that uses horizontal symmetry, i.e., symmetry that distinguishes fermion
families, to justify particular set of couplings of a pair of the first generation LQs
of type S1 has been proposed in Ref. [115]. It is a supersymmetric scenario that is
based on a horizontal symmetry that consists of Z8×Z7 ⊂ U(1)H1×U(1)H2 and
three leptonic quantum numbers, where U(1)H1 and U(1)H2 are QCD anomaly
free groups. The same horizontal symmetry is used to address the hierarchy of
quark mass matrices.
A possibility to discriminate between different models of flavor that repro-
duce the observed mixing parameters in the lepton sector through data on rare
decays has been investigated in Ref. [116]. The authors adapted frameworks
with non-Abelian flavor symmetries that simultaneously yield experimentally
viable leptonic mixing matrix and explain lepton-nonuniversality as observed
through the RK anomaly [112]. This is a bottom-up approach, where the pat-
tern of the LQ couplings to matter manifests itself through the observable effects
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in lepton flavor violation and lepton-nonuniversality processes.
Another possible approach to construct the model of flavor for the lepto-
quarks is to apply the hypothesis of the Minimal Flavor Violation (MFV) [117,
118, 119]. The idea is to build Yukawa couplings of leptoquarks out of the
SM Yukawa coupling matrices. This is what was done in Ref. [120], where the
leptoquark Yukawa couplings were constructed on the premise of the MFV in
order to be consistent with the bounds from rare physics processes. Once the
LQ Yukawa couplings were constructed, i.e., fixed, and the mass of the LQ set
to be just above the direct experimental search limits the authors of Ref. [120]
investigated the most promising LQ search channels. Since the construction is
not unique the authors considered several options and tabulated inferred limits
for the given Yukawa coupling ansatz.
There are three notable works on the application of the MFV hypothesis
within the context of supersymmetric SM with R-parity violation [121, 42, 122].
Recall, there are three R-parity violating operators in the superpotential that
can be written down if one wants to accommodate the minimal fermionic field
content of the SM. These operators, written in terms of superfields, are
λijkLiLjE¯k + λ
′
ijkLiQjD¯k + λ
′′
ijkU¯iD¯jD¯k, (24)
where i, j, k = 1, 2, 3 are flavor indices and λijk, λ′ijk, and λ
′′
ijk are dimensionless
couplings. Clearly, the second operator would yield the couplings of squarks with
the quark–lepton pair once one writes down the interactions in terms of ordinary
fields. More precisely, one gets λ′ijkLiQjD¯k ⊃ λ′ijkd¯kReiLu˜jL + λ′ijke¯C iL ujLd˜k ∗R ,
where u˜jL and d˜
k
R are squarks. These couplings can be directly mapped onto
the leptoquark couplings. (See the first term in Eq. (6) and the second term
in Eq. (9).) Note also that the first two terms in Eq. (24) violate L whereas
the third term violates B. If simultaneously allowed, these three terms would
lead to rapid proton and bound neutron decays. The easiest way to prevent this
from happening is to forbid all of these terms using R-parity. It has also been
demonstrated that it is possible to suppress B and L violation to the extent
that there is no problem with proton decay even if one does not demand strict
R-parity conservation but instead resorts to the MFV hypothesis [121, 42, 122].
The authors of Refs. [121, 42, 122] also addressed the issue of neutrino masses
within this framework.
There has also been an attempt to construct bottom-up scenario involving
very light leptoquarks that is not affected by the constraints that originate
from the flavor changing neutral currents. The idea is to make the neutral
current interactions to be diagonal in a similar fashion as it is done with the
Glashow-Iliopoulos-Maiani (GIM) mechanism. This approach calls for n × n
scalar leptoquarks that couple universally to n generations of the SM fermions
in the weak basis, where the leptoquarks need to be degenerate in mass [123].
3. Leptoquark effects on low-energy physics of flavor and CP violation
LQs have renormalizable complex couplings to two SM fermions and can
thus be probed in low-energy experiments measuring rare flavor changing and
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CP violating processes. The most stringent limits are expected from observ-
ables to which the LQs contribute at tree-level and involve both quarks and
leptons: leptonic and semi-leptonic meson decays, semi-leptonic τ decays, and
µ–e conversion in nuclei. Numerous constraints on such two-quark two-lepton
effective interactions have been analyzed in Ref. [124]. However, LQs can also
contribute in loops, generating contributions to electric and magnetic dipole
moments of quarks and leptons, rare radiative decays of mesons and leptons as
well as neutral meson anti-meson oscillations.
In principle more than one LQ state could exist at low energies. Low-energy
observables can consequently receive simultaneous and potentially interfering
contributions from several LQs. Since the resulting phenomenology becomes
very model dependent, in the following we focus on low-energy effects of single
LQ exchange and derive limits on the corresponding LQ couplings assuming they
represent the only significant contribution to the relevant observables beyond the
SM. We do not assume any flavor structure or alignment of the LQ couplings
with the SM Yukawas. The Minimal Flavor Violation hypothesis has been
applied to LQ scenarios in, for example, Refs. [121, 120, 42, 122].
Finally, LQs furnishing non-trivial SU(2) representations can exhibit mass
splittings among their weak multiplet mass eigenstates. Thus in principle their
contributions to low-energy observables could be suppressed by varying mass
scales. In practice however, sizable inter-multiplet mass splittings are severely
constrained by electroweak precision observables (cf. Section 4.2.2). In the
remainder of this section we therefore neglect such effects and present all low-
energy constraints as functions of a single LQ mass. Note however that most
individual observables receive contributions from only one of the LQ multiplet
components. Constraints derived from those observables can thus easily be
rescaled, taking into account possible inter-multiplet LQ mass hierarchies.
In this section we will present in each of the following subsections basic
phenomenological tools that are needed to confront LQ predictions and exper-
imental data, where we will also comment on the current experimental figures.
First we will consider LQ contributions in charged current processes and discuss
phenomenology of leptonic and semileptonic decays. Next, we repeat similar
analysis for neutral current semileptonic processes, as well as for neutral meson
mixing. In the last part we focus on charged lepton observables, such as leptonic
and semileptonic decays, lepton flavor violating (LFV) decays, µ–e conversion
on nuclei, lepton magnetic and electric dipole moments.
3.1. Semileptonic charged current processes
The direct tree-level probes of the LQ effects are the semileptonic charged
current processes, whereas purely hadronic or leptonic charged processes must
proceed via higher perturbative order which results in reduced sensitivity to LQ
couplings.
Charged current processes can be induced by baryon number conserving
(F = 0) LQ states R2, R˜2, U3, and U1, whose common feature is that they
all contain a 2/3 charged state. On the other hand, the baryon number vio-
lating states S3, S1, V2, V˜2 entail charged currents via exchange of Q = 1/3
28
components [125]. In the presence of one of the abovelisted LQs the suitable
generalization of the effective weak Lagrangian is the following:
Lu¯idj ¯`νk = −
4GF√
2
[
(VijU`k + g
L
ij;`k)(u¯
i
Lγ
µdjL)(
¯`
Lγµν
k
L)
+ gRij;`k(u¯
i
Rγ
µdjR)(
¯`
Rγµν
k
R)
+ gRRij;`k(u¯
i
Rd
j
L)(
¯`
Rν
k
L) + h
RR
ij;`k(u¯
i
Rσ
µνdjL)(
¯`
Rσµνν
k
L)
+ gLLij;`k(u¯
i
Ld
j
R)(
¯`
Lν
k
R) + h
LL
ij;`k(u¯
i
Lσ
µνdjR)(
¯`
Lσµνν
k
R)
+ gLRij;`k(u¯
i
Ld
j
R)(
¯`
Rν
k
L)
+ gRLij;`k(u¯
i
Rd
j
L)(
¯`
Lν
k
R)
]
+ h.c..
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In Eq. (25) the indices i, j, `, k refer to the fermion mass eigenstates and GF
is the Fermi coupling constant. In the SM limit only the term proportional
to VijU`k survives and results in lepton flavor universal process rates, when
these are summed over undetected neutrino flavor k. Modifications of the left-
handed currents, parameterized by gL, are expected in the presence of LQs
that transform either as singlets or triplets under SU(2). On the other hand,
the right-handed currents proportional to gR are distinct signature of weak
singlet LQ states. Further operators involving chirality flipping currents are
possible in the presence of LQ states and are parameterized by couplings gXYij;`k,
where X and Y refer to chiralities of the up-type quark and charged lepton,
respectively. (The chiralities of the down-type quark and the neutrino are then
determined as being opposite to chiralities of the up-type quark and charged
lepton, respectively. E.g., gRLij;`k multiplies an operator that is composed of
right-handed up-type quark and left-handed charged lepton.) Pair of scalar and
tensor couplings (gRR, hRR) has a common origin in a single operator in the
Fierzed basis that is characteristic of non-chiral LQ scenarios. The same holds
true for the pair (gLL, hLL). At the matching scale the two couplings are related
as gRR(LL) = ±4hRR(LL), where minus sign applies for LQ states with |F | = 2.
Finally, effective couplings gLR and gRL can be non-zero only when a vector LQ
state is integrated out.
The tree-level matching procedure is performed for each LQ at the matching
scale, which is here taken to be the mass mLQ of the LQ state being integrated
out, and results in a subset of effective couplings which are laid out in Table 3.
The quoted expressions are in accordance with the notation established in Sec-
tion 1. Note that we use v = 246 GeV to denote the vacuum expectation of
the SM Higgs field. The derivation of the expressions contained in Table 3 is
straightforward: first one writes down the tree-level LQ exchange amplitude in
the leading order in q2/m2LQ expansion, where q
µ is the momentum flow through
the LQ propagator and mLQ is the LQ mass. LQ exchanges lead to effective
four-fermion operators in the operator basis that is Fierzed with respect to (25)
and one has to be careful in the matching procedure to take into account an extra
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minus sign that comes from different ordering of fermionic operators acting on
asymptotic states in the LQ model and in the effective theory (25) calculation.
The most transparent procedure that takes care of the sign due to fermionic per-
mutations is to Fierz-transform the fermionic operators on the level of effective
operators (25) and then perform the matching. Furthermore, the amplitude
for the LQ states with |F | = 2 will contain currents with charge-conjugated
spinors. In such cases one first expresses the relevant effective operator in terms
of charge-conjugated fields and only then applies the Fierz transformation. To
achieve that one invokes a transpose relation of field bilinears:
ψ¯1 (γ
αγβ · · · γω)ψC2 = ±ψ2 (γω · · · γβγα)ψC1 . (26)
The plus (minus) sign in Eq. (26) applies for even (odd) number of γ matrices
between the two fields.
The values of Wilson coefficients in Table 3 are valid at the scale mLQ. In or-
der to re-sum potential large logarithmic effects due to the running of the QCD
gauge coupling and to make predictions for experimentally measured quanti-
ties, they have to be run to the characteristic scales of the relevant hadronic
processes. The renormalization group effects of QCD multiplicatively renormal-
ize the scalar and tensor coefficients of the Lagrangian (25), while the vector
currents are not renormalized. At the leading logarithmic order the set of scalar
couplings runs with the anomalous dimension of the mass term:
gXYij;`k(µ) =
[
α3(µ)
α3(mqf+1)
]− γS
2β
(f)
0 · · ·
[
α3(mb)
α3(mt)
]− γS
2β
(5)
0
[
α3(mt)
α3(mLQ)
]− γS
2β
(6)
0 gXYij;`k(mLQ).
(27)
Here XY = LL,RR,LR,RL and f is the number of quarks lighter than scale
µ. The scalar anomalous dimension is γS = −8 and the beta function coefficient
reads β(n)0 = 11 − 2n/3 [126], where n is the number of active quark flavors.
Analogous relation holds for the tensor couplings hRR,LLij;`k with the appropriate
change γS → γT = 8/3 [127].
A comment related to the unobservability of PMNS matrix effects is in order
here. In Table 3 we list the effective couplings for neutrino mass eigenstates
whereas experimentally one cannot differentiate between neutrino species. We
have consistently imposed a convention where the couplings to the left-handed
lepton doublets are defined in the mass eigenstate basis of charged leptons. Left-
handed neutrino in the final eigenstate k is thus always accompanied by U`k,
where ` refers to a charged lepton. The rates for k = 1, 2, 3 are then summed
employing the unitarity of the PMNS matrix and the final rate is equal to the
prediction of a theory with massless neutrinos and no mixing, i.e., Uij = δij [21].
3.1.1. P → `−ν¯
The leptonic decays P → `−ν¯ of charged pseudoscalar mesons are among
the most sensitive probes of the presence of light LQs. The distinct helicity
suppression of the left-handed current operators in the SM and their lepton
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S = 0
m2LQ
v2
gLij;`k
m2LQ
v2
gRij;`k
m2LQ
v2
(
gRRij;`k
hRRij;`k
)
m2LQ
v2
(
gLLij;`k
hLLij;`k
)
S3 − (y
LL†
3 V
∗)`i(yLL3 U)jk
4
R2
(yRL2 U)iky
LR
2 `j
16
(
4
1
)
R˜2
(V y˜LR2 )iky˜
RL∗
2 j`
16
(
4
1
)
S1
(yLL1 U)jk(V
T yLL1 )
∗
i`
4 −
yRR1 jky
RR∗
1 i`
4
(yLL1 U)jky
RR∗
1 i`
16
(
4
−1
)
yRR1 jk(V
T yLL1 )
∗
i`
16
(
4
−1
)
S = 1
m2LQ
v2
gLij;`k
m2LQ
v2
gRij;`k
m2LQ
v2
gLRij;`k
m2LQ
v2
gRLij;`k
U3 −
(V xLL3 U)ikx
LL∗
3 j`
2
V2 (x
RL
2 U)jk(V
T xLR2 )i`
V˜2 −x˜RL∗2 i` x˜LR2 jk
U1
(V xLL1 U)ikx
∗
j`
2
xRR1 ikx
RR∗
1 j`
2 −(V xLL1 U)ikxRR∗1 j` −xRR1 ikxLL∗1 j`
Table 3: Effective LQ charged-current couplings — g(mLQ) and h(mLQ) — defined by
Eq. (25) at the matching scale mLQ. V and U are CKM and PMNS matrices, respectively.
The electroweak vacuum expectation value is v = 246 GeV.
universality make these decays very sensitive to LQs. Experimentally these
decays have been well measured for charged pseudoscalars P = pi,K,D,Ds,
and B with ` = e, µ and possibly also τ in the case of decaying Ds or B meson.
Measured values of the branching fractions follow the helicity suppression as
predicted in the SM where partial branching fractions to individual lepton flavors
are distributed proportionally to m2` [14]. This makes the decays of B and D
mesons to light leptons very suppressed and currently only bounded from above,
and these same bounds are restricting the parameter space of the LQ models
that break the helicity suppression. These rare charged-current decays will be
further probed in the forthcoming Belle 2 experiment [128].
On the theory side, the only hadronic input relevant to leptonic decays is a
decay constant, defined via
〈0 | u¯iγµγ5dj |P (p)〉 = ifP pµ, (28)
where the flavor of the pseudoscalar is P−(u¯idj). The matrix element of pseu-
doscalar density can be expressed, via the equation of motion i /Dψ = mψ, by
the derivative of the axial current, u¯γ5d = −i∂µ(u¯γµγ5d)/(mu + md) and one
can furthermore express 〈0 | u¯iγ5dj |P (p)〉 = − ifPm
2
P
mui+mdj
. The decay amplitude
is then
AP→`ν¯k =
√
2GF fPmP
{[
−mˆ`(VijU`k + gLij;`k) +
gRRij;`k − gLRij;`k
mˆui + mˆdj
]
(u¯`PLvν¯)
+
[
mˆ`g
R
ij;`k −
gLLij;`k − gRLij;`k
mˆui + mˆdj
]
(u¯`PRvν¯)
}
,
(29)
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where mˆ` = m`/mP . The decay width reads
ΓP→`ν¯ =
G2F
8pi
f2Pm
3
P (1− mˆ2`)2
×
{
|Vij |2mˆ2` + 2mˆ`Re
∑
k
[
V ∗ijU
∗
`k
(
mˆ`g
L
ij;`k −
gRRij;`k − gLRij;`k
mˆui + mˆdj
)]
+
∑
k
∣∣∣∣∣mˆ`gLij;`k − gRRij;`k − gLRij;`kmˆui + mˆdj
∣∣∣∣∣
2
+
∑
k
∣∣∣∣∣mˆ`gRij;`k − gLLij;`k − gRLij;`kmˆui + mˆdj
∣∣∣∣∣
2}
.
(30)
The summation over neutrino species k eliminates all dependence on the PMNS
matrix U when explicit expressions for effective couplings are inserted into (30).
In the decay width expression (30) it is apparent that LQ states which introduce
couplings other than gL or gR do not entail the m2` scaling of the width, which
makes their parameter space especially sensitive to the ratio of charged pion
decays to different charged leptons, i.e., pi− → e−ν¯, µ−ν¯. The ratio Rpie/µ =
Γ(pi−→e−ν¯)
Γ(pi−→µ−ν¯) is testing the SM pattern of lepton flavor universality in the first
two generations of leptons, and its prediction is very precise due to cancellation
of hadronic and CKM element uncertainties [3, 129, 130]:
R
pi(SM)
e/µ =
m2e(m
2
pi −m2e)2
m2µ(m
2
pi −m2µ)2
(1 + ∆) = (1.2352± 0.0001)× 10−4. (31)
Here ∆ parametrizes radiative corrections and the SM prediction is in good
agreement with the measured value Rpi(exp)e/µ = (1.2327 ± 0.0023) × 10−4 [14].
Scalar operators that arise in the presence of non-chiral LQ states lift the helicity
suppression with the charged lepton mass, present in vector operators. Early
studies showed that non-chiral LQs can easily violate the bound from leptonic
decays of pions, K, and D mesons [3, 129, 11, 12, 4]. In the kaon sector one
defines a similar ratio RKe/µ that also turns out to be very constraining [131],
where RK(exp)e/µ = (2.488± 0.010)× 10−5 [132] and RK(SM)e/µ = (2.477± 0.001)×
10−5 [130]. Leptonic decays of Ds → `ν¯ in presence of light scalar LQs have
been studied in [125, 133, 134, 21]. Pion leptonic decays pi → eν¯, µν¯ have been
studied as subsidiary constraints in the context of LQ models in Ref. [135].
Ref. [136] sets the various flavor constraints on the Yukawa couplings of S˜1,
resulting in a prediction of B → τ ν¯. The authors of Ref. [137] made predictions
for the Bc → τ ν¯ branching fraction in relation to B → D(∗)τ ν¯ in the presence
of scalar R2.
3.1.2. τ → νP
The amplitude for the τ → νP decay is a crossed version of the one of P → `ν
(` = e, µ) with appropriate lepton flavor rearrangement. Considering τ → νP
allows one to extend the lepton flavor universality ratio with light pseudoscalar
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P to the third lepton generation
RPτ/µ =
Γ(τ− → P−ν)
Γ(P− → µ−ν¯) , (32)
where P = K,pi and the amplitude for the τ semileptonic decay is just the
crossed amplitude for the P → τ ν¯ decay, given in Eq. (29):
Aτ+→P ν¯k =
√
2GF fPmP
{[
−mˆτ (VijU`k + gLij;τk) +
gRRij;τk + g
LR
ij;τk
mˆui + mˆdj
]
(v¯τPLvν)
+
[
mˆτg
R
ij;τk −
gLLij;τk + g
RL
ij;τk
mˆui + mˆdj
]
(v¯τPLvν)
}
.
(33)
The RKτ/µ has been combined with R
K
µ/e to derive stringent constraints on the
muon couplings of vector LQ U3 [131]. In Ref. [138] a connection between
neutrino interactions with light quarks and the ratio Rpiτ/µ has been established.
Bounds on the LQ couplings of the same order of magnitude are expected from
τ → νV , where V is a vector meson.
3.1.3. P → P ′`−ν¯
The effective Lagrangian (25) in general modifies the SM predictions for
semileptonic decays P (p) → P ′(p′)`−(p`)ν¯k(k) or P (p) → V (p′, )`−(p`)ν¯k(k).
For the underlying quark flavor transition dj → ui the corresponding amplitude
for the pseudoscalar P decay to another pseudoscalar P ′ reads [139]
AP→P ′`−ν¯k = −i
√
2GF
[
AVij;`ku¯`/pvν +AAij;`ku¯`/pγ5vν
+ (ASij;`k +ATij;`k cos θ)u¯`vν
+ (APij;`k +AT5ij;`k cos θ)u¯`γ5vν
]
.
(34)
The Dirac spinors correspond to the charged lepton, u` = u`(p`), and antineu-
trino, vν = vν(k). Angle θ is between P and `− in the rest frame of `ν¯k system.
The q2 dependent functions, where q = p` + k, are expressed via hadronic form
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factors and the effective couplings
AVij;`k = (VijU`k + gL + gR)f+(q2) + 4(hRR + hLL)
m`
m+m′
fT (q
2),
AAij;`k = (−VijU`k − gL + gR)f+(q2) + 4(−hRR + hLL)
m`
m+m′
fT (q
2),
ASij;`k = (gLR + gRR + gRL + gLL)
m2 −m′2
2(md −mu)f0(q
2)
+
m`
2
(VijU`k + g
L + gR)
[
m2 −m′2
q2
(f0(q
2)− f+(q2))− f+(q2)
]
− 2(hRR + hLL)m2`
fT (q
2)
m+m′
(
1 +
m2 −m′2
q2
)
,
APij;`k = (−gLR − gRR + gRL + gLL)
m2 −m′2
2(md −mu)f0(q
2)
+
m`
2
(−VijU`k − gL + gR)
[
m2 −m′2
q2
(f0(q
2)− f+(q2))− f+(q2)
]
− 2(−hRR + hLL)m2`
fT (q
2)
m+m′
(
1 +
m2 −m′2
q2
)
,
ATij;`k = 2(hRR + hLL)
fT (q
2)
m+m′
λ1/2β`(q
2)2,
AT5ij;`k = 2(−hRR + hLL)
fT (q
2)
m+m′
λ1/2β`(q
2)2.
(35)
The pseudoscalar masses have been denoted by m and m′, while mu,d are the
masses of valence quarks taking part in interaction. In order to ease readability
we have suppressed subscripted flavor indices ij; `k on the couplings g and h.
We have also employed standard notation
λ(x, y, z) = (x+ y + z)2 − 4(xy + yz + zx) (36)
and β`(q2) =
√
1−m2`/q2. The hadronic form factors that enter in ampli-
tudes (35) are defined as:〈
P ′(p′)
∣∣ u¯γµd ∣∣P (p)〉 = f+(q2) [(p+ p′)µ − m2 −m′2
q2
qµ
]
+ f0(q
2)
m2 −m′2
q2
qµ,
〈
P (p′)
∣∣ u¯σµν(1± γ5)d ∣∣P (p)〉 = i fT (q2)
m+m′
[
(p+ p′)µqν − (p+ p′)νqµ ± iµναβ(p+ p′)αqβ
]
.
(37)
The form factors can be either extracted experimentally in a related process that
is presumably free of LQ contributions or calculated using a nonperturbative
QCD method, e.g., lattice QCD. For recent lattice QCD results for D or B form
factors c.f. [140].
For the scalar operators we have used the identity
〈P ′(p′) | u¯d |P (p)〉 = qµ
md −mu 〈P
′(p′) | u¯γµd |P (p)〉 (38)
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that follows from the equation of motion. The decay spectrum distribution is
given by the amplitudes AV,A,S,P,T,T5ij;`k and can be found in Refs. [139, 141].
Branching fractions themselves provide a good handle only on the LQ Yukawas
since they are competing with large tree-level SM contributions that suffer from
uncertainties in the hadronic matrix elements and from experimental errors.
Again, the lepton universality ratios Γ(P → P ′`1ν)/Γ(P → P ′`2ν) are superior
in precision over individual branching fractions and spectra. A notable exam-
ple is the semileptonic lepton flavor universality (LFU) ratio RD ≡ Γ(B¯ →
Dτν¯)/Γ(B¯ → D`ν¯) comparing the τ and light lepton couplings with large pre-
cision. It has been shown that scalar [142, 137, 143, 144, 145, 146, 147, 148]
as well as vector LQs [146, 145, 131, 149] may significantly alter this LFU ra-
tio. The world averages of RD and the analogous observable defined for the
B → D∗`ν¯ transition RD∗ calculated in the winter 2016 HFAG edition [150]
agree with the SM at the 4σ level, as shown in Eqs. (40) and (41).
It has been suggested in Ref. [147] that a minimal extension of the SM with
S1 scalar LQ of mass of the order of 1TeV can provide an explanation of RD(∗)
in addition to observables RK and muon (g−2), to be discussed in the following
sections. Scalar LQ S1 couples with order one generation-diagonal couplings to
quarks and leptons that are doublets of SU(2) of the SM. The presence of S1
allows the authors of Ref. [147] to address the RD(∗) anomalies at the tree-level,
while the RK contributions are generated at loop level. Note that S1 could have
“diquark” couplings and accordingly mediate proton decay. The flavor structure
of this proposal in view of current LHC constraints from the 8TeV and 13TeV
data sets has been investigated in Ref. [151]. The authors of Ref. [151] have,
furthermore, analyzed in great detail prospects to test this particular S1 sce-
nario at 14TeV run at the LHC. A possible resolution of RK and RD(∗) puzzles
through the use of vector LQ U3 has been proposed in Ref. [131]. One par-
ticularly simple phenomenologically viable leptoquark model that features dark
matter coannihilation through the leptoquark mediation has been presented in
Ref. [152]. The authors establish connection between the visible and invisi-
ble sectors in the form of R2 leptoquark with very specific Yukawa couplings
(and mass) that satisfy constraints of both direct and indirect detection origin.
Finally, flavor models that can provide an explanation of the observed enhance-
ment of the B¯ → D(∗)τ ν¯ rates with respect to the SM predictions through scalar
and/or vector LQ(s) have been pursued in Ref. [146].
3.1.4. P → V `−ν¯
As an example of semileptonic decays with vector mesons in the final state we
shall use the decays B¯ → D∗`ν¯. The most interesting experimental observable
is the analogue of RD, but defined for vector meson in the final state:
RD∗ =
B(B¯ → D∗τ−ν¯)
B(B¯ → D∗`−ν¯) (39)
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with ` = e, µ. The HFAG averages over LHCb and B factories’ results and
finds [150]
RD = 0.397± 0.068,
RD∗ = 0.316± 0.026,
(40)
where we have summed the statistical and systematical errors. Taking into
account the correlation between the two ratios −0.26 the agreement with the
SM is at the 4σ level [153, 154]:
RSMD = 0.300± 0.008,
RSMD∗ = 0.252± 0.003.
(41)
In the case of B¯ → D∗τ ν¯ decays the helicity amplitudes formalism is a
convenient description that is commonly used [154, 155, 156, 143, 157]. First
one needs to parametrize matrix elements of the weak currents for the B →
D∗ transition. Standard parametrization of vector and axial hadronic matrix
elements for the B¯ → D∗ transition is given by [158]
〈
D∗(k, )
∣∣ c¯γµb ∣∣ B¯(p)〉 = 2iV (q2)
mB +mD∗
µναβ
∗νpαkβ , (42)〈
D∗(k, )
∣∣ c¯γµγ5b ∣∣ B¯(p)〉 = 2mD∗ A0(q2) ∗ · q
q2
qµ (43)
+ (mB +mD∗)A1(q
2)
(
∗µ − 
∗ · q
q2
qµ
)
−A2(q2) 
∗ · q
mB +mD∗
(
(p+ k)µ − m
2
B −m2D∗
q2
qµ
)
,
where q = p − k. The matrix element of the tensor operator is parameterized
as [158]:
〈
D∗ (k, )
∣∣ c¯σµνb ∣∣ B¯ (p)〉 = ∗ · q
(mB +mD∗)2
T0(q
2)εµναβp
αkβ
+ T1(q
2)εµναβp
α∗β + T2(q2)εµναβkα∗β ,
(44)
and can be related to〈
D∗ (k, )
∣∣ c¯σµνγ5 b ∣∣ B¯(p)〉 = i ∗ · q
(mB +mD∗)2
T0(q
2) (pµkν − kµpν)
+ i T1(q
2)
(
pµ
∗
ν − ∗µpν
)
+ i T2(q
2)
(
kµ
∗
ν − ∗µkν
)
.
(45)
The B¯ → D(∗)τ ν¯ amplitude can be written as:
AB¯→D(∗)τν¯ = −
√
2GF
{
HµV u¯γµ(1− γ5)v +HS u¯(1− γ5)v
+HµνT u¯σµν(1− γ5)v
}
,
(46)
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with HµV , HS and H
µν
T :
HµV =
(
Vcb + g
L
) 〈D∗|c¯γµb|B〉 − (Vcb + gL) 〈D∗|c¯γµγ5b|B〉,
HS = (g
RR + gLR)〈D∗|c¯b|B〉 − (gRR − gLR)〈D∗|c¯γ5b|B〉,
HµνT = h
RR〈D∗|c¯σµν(1− γ5)b|B〉.
(47)
The functions HV,S,T can be projected onto different angular-momentum states
of the lepton and antineutrino specified by its polarization vectors µ(λ) and
using the completeness relation gµν =
∑
gmnµ(m)
∗
ν(n). The projections of
HµV and H
µν
T define the helicity amplitudes,
Hλ = H
µ
V 
∗
µ(λ), Hλλ′ = H
µν
T 
∗
µ(λ)
∗
ν(λ
′), (48)
while HS contributes only to the λ = t component. The tensor helicity am-
plitudes are antisymmetric with respect to the exchange of indices, Hλ′λ =
−Hλλ′ . For the lepton–antineutrino pair, polarization vectors are µ(±) =
(0,±1,−i, 0)/√2, µ(0) = (|~k|, 0, 0,−q0)/
√
q2 and µ(t) = (q0, 0, 0,−|~k|)/
√
q2.
The D∗ polarizations are given as µD∗(±) = (0,∓1,−i, 0)/
√
2 and µD∗(0) =
(|~k|, 0, 0, ED∗)/mD∗ . The helicity amplitudes calculated in the B-rest frame
are:
H± = −(Vcb + gL)(mB +mD∗)A1(q2)± (Vcb + gL − gR) 2mB |
~k|
mB +mD∗
V (q2),
H0 = − (Vcb + g
L)
2mD∗
√
q2
[
(mB +mD∗)
(
m2B −m2D∗ − q2
)
A1(q
2)− 4m
2
B |~k|2
mB +mD∗
A2(q
2)
]
,
Ht = −(Vcb + gL)2mB |
~k|√
q2
A0(q
2), HS = (g
LR − gRR) 2mB |
~k|
mb +mc
A0(q
2),
H±0 = ± ih
RR
2
√
q2
[
(m2B −m2D∗ ± 2mB |~k|)(T1(q2) + T2(q2)) + q2(T1(q2)− T2(q2))
]
,
H±t =
ihRR
2
√
q2
[
(m2B −m2D∗ ± 2mB |~k|)(T1(q2) + T2(q2)) + q2(T1(q2)− T2(q2))
]
,
H+− = −Ht0 = ihRR
[
mBED∗
mD∗
T1(q
2) +mD∗T2(q
2) +
m2B |~k|2
mD∗(mD∗ +mB)2
T0(q
2)
]
.
(49)
By separating the contributions to the decay rate due to different D(∗) and
τ helicity states, the B¯ → D(∗)τ ν¯ decay rates Γλ˜,λτ take the following form:
d2ΓB,+
dq2d(cos θτ )
=
G2F
256pi3
|~k|
m2B
(
1− m
2
τ
q2
)2
× {2 cos θ2τ Γ00+ + 2Γt0+ + 2 cos θτ ΓI0+ + sin θ2τ (Γ++ + Γ−+)} ,
d2ΓB,−
dq2d(cos θτ )
=
G2F
256pi3
|~k|
m2B
(
1− m
2
τ
q2
)2
× {2 sin θ2τΓ0− + (1− cos θτ )2Γ+− + (1 + cos θτ )2Γ−−} .
(50)
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For the decay into a τ(1/2) and a longitudinal D(∗) there are three contributions
stemming from the longitudinal (Γ00+) and time-like (Γt0+) components of the
lepton–antineutrino state and from their interference (ΓI0+). Finally, the Γ
(X)
λ˜,λτ
are functions of the helicity amplitudes:
Γ00+ =
∣∣∣2i√q2 (H+− +H0t)−mτH0∣∣∣2 ,
Γt0+ =
∣∣∣mτHt +√q2HS∣∣∣2 ,
ΓI0+ = 2Re
[
(2i
√
q2 (H+− +H0t)−mτH0)(mτHt +
√
q2HS)
∗
]
,
Γ++ =
∣∣∣mτH+ − 2i√q2 (H+t +H+0)∣∣∣2 ,
Γ−+ =
∣∣∣mτH− − 2i√q2 (H−t −H−0)∣∣∣2 ,
Γ0− =
∣∣∣√q2H0 − 2imτ (H+− +H0t)∣∣∣2 ,
Γ+− =
∣∣∣√q2H+ − 2imτ (H+t +H+0)∣∣∣2 ,
Γ−− =
∣∣∣√q2H− − 2imτ (H−t −H−0)∣∣∣2 .
(51)
Evaluation of the above observables requires the knowledge of form factors which
can be related to a single function in the heavy quark limit as described in [158,
154, 155, 156, 143, 157].
The number of observables in the case B¯ → D∗τ ν¯ is much larger than in
the case of B¯ → Dτν¯ as discussed already by many authors [154, 155, 156,
143, 146, 157, 145]. The opening angle asymmetry between D∗ and τ probes
right-handed currents [154, 143] while τ helicity-dependent decay rates have also
been shown to deviate from the SM prediction [159, 154]. In particular, the q2
distributions have been shown to be able to distinguish between different LQ
scenarios [143]. The Belle analysis of decay kinematics [160] managed to exclude
a portion of parameter space R2 scalar LQ scenario favored by RD(∗) deviation.
Based on current results on RD and RD∗ , the authors of Ref. [146] have found
best fit point for the coupling gL = 0.18 ± 0.04. The invariant dilepton mass
distribution can be obtained after performing integration over the angle θτ in
(50), as discussed in Refs. [154, 156, 146, 157, 144].
3.2. Rare meson decays
The mechanisms of LQ contributions to rare meson decays differ qualitatively
from the mechanism of rare SM decays. By rare decays we mean here decays
with neutral quark and lepton currents (q¯′q)(¯`′`) or (q¯′q)(ν¯′ν) that are induced
exclusively via loop diagrams and are suppressed by the unitarity of the CKM
matrix (GIM mechanism) or are even absent (lepton flavor violation) in the
SM. The competing LQ amplitudes can be induced at the tree-level and present
a very serious constraint on the flavor changing LQ couplings. Tree-level LQ
amplitudes are exemplified in Fig. 7 for decays that involve charged leptons.
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Figure 7: Diagrams of rare meson decays of flavor (d¯′d)(¯`′`) and (u¯′u)(¯`′`) induced by LQs.
The F = 0 LQs contribute as shown in the left-hand side diagram, |F | = 2 as shown in the
right-hand diagram. Propagators are labeled by charge of the relevant components of the LQ.
The fact that tree-level LQ diagrams, as shown in Fig. 7, contribute to
dimension-6 operators with chiral fermions motivates the following convention
for q¯iqj ¯`` ′ effective Lagrangian:
Lq¯iqj ¯`` ′ = −
4GF√
2
[
cLLij;``′(q¯
i
Lγ
µqjL)(
¯`
Lγµ`
′
L) + c
RR
ij;``′(q¯
i
Rγ
µqjR)(
¯`
Rγµ`
′
R)
+ cLRij;``′(q¯
i
Lγ
µqjL)(
¯`
Rγµ`
′
R) + c
RL
ij;``′(q¯
i
Rγ
µqjR)(
¯`
Lγµ`
′
L)
+ gRRij;``′(q¯
i
Rq
j
L)(
¯`
R`
′
L) + h
RR
ij;``′(q¯
i
Rσ
µνqjL)(
¯`
Rσµν`
′
L)
+ gLLij;``′(q¯
i
Lq
j
R)(
¯`
L`
′
R) + h
LL
ij;``′(q¯
i
Lσ
µνqjR)(
¯`
Lσµν`
′
R)
+ gLRij;``′(q¯
i
Lq
j
R)(
¯`
R`
′
L) + g
RL
ij;``′(q¯
i
Rq
j
L)(
¯`
L`
′
R)
]
+ h.c..
(52)
The above operator basis is analogous to the charged-current semileptonic ba-
sis (25) with an exception of coefficients cLR, cRL whose counterparts are not
present in the charged-current effective Lagrangian. In order to connect to large
body of phenomenological literature on rare leptonic and semileptonic meson de-
cays, we provide below the mapping from the above introduced “chiral basis” of
operators (52) to the basis commonly used in rare B meson decays [161]:
Lq¯iqj ¯`` ′ = −
4GF√
2
λq
[
Cij7 Oij7 + Cij7′Oij7′ +
∑
X=9,10,S,P
(
Cij;``
′
X Oij;``
′
X + C
ij;``′
X′ Oij;``
′
X′
)
+ Cij;``
′
T Oij;``
′
T + C
ij;``′
T5 Oij;``
′
T5
]
+ h.c..
(53)
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The following operators are all susceptible to LQ effects
Oij7 =
emqj
(4pi)2
(q¯iσµνPRq
j)Fµν , O``′S =
e2
(4pi)2
(q¯iPRq
j)(¯`` ′),
Oij;``′9 =
e2
(4pi)2
(q¯iγµPLq
j)(¯`γµ`
′) , Oij;``′P =
e2
(4pi)2
(q¯iPRq
j)(¯`γ5`
′),
Oij;``′10 =
e2
(4pi)2
(q¯iγµPLq
j)(¯`γµγ5`
′), Oij;``′T =
e2
(4pi)2
(q¯iσµνq
j)(¯`σµν`′),
Oij;``′T5 =
e2
(4pi)2
(q¯iσµνq
j)(¯`σµνγ5`
′).
(54)
The set of operators with “primes”, X ′ = 7′, 9′, 10′, S′, P ′, are related to the
“unprimed” set by switching the roles of PL and PR. The standard operator
basis is suited to the SM loop contributions and contains an overall CKM factor
λq, which reads λq = VqjV ∗qi in the case of dj → di`−`′+ processes while for uj →
ui`
−`′+ one has λq = V ∗jqViq. The conventions follow the structure of effective
Hamiltonian in rare B decays [161], where the dominant SM contribution is
from the top quark and one puts q = t. For the short-distance contributions
to rare charm decays one usually sets q = b. The basis commonly used in rare
kaon decays differs from the above convention [162, 163]. The definition of Oij7
includes the external quark mass which is taken to be the mass of the decaying
quark (mqj in the case of qj → qi transition). The prescription for mapping
from the chiral to the standard basis of Wilson coefficients is
C9,10 =
2pi
αemλq
(
cLR ± cLL) , C9′,10′ = 2pi
αemλq
(
cRR ± cRL) ,
CS,P =
2pi
αemλq
(
gLL ± gLR) , CS′,P ′ = 2pi
αemλq
(
gRL ± gRR) ,
CT,T5 =
2pi
αemλq
(
hLL ± hRR) ,
(55)
with flavor indices ij; ``′ implied.
The result of tree-level matching of a single LQ scenario to the effective
Lagrangian at the scale mLQ is given in the form of Wilson coefficients collected
in Table 4. The running of the Wilson coefficients from high scale mLQ down
to the typical energy scale of a physical process is governed by Eqs. (27) for
coefficients gLL,RR,LR,RL and hLL,RR. At one-loop level the contributions to
the electromagnetic penguin operators Oij7 ,Oij7′ may appear as well, but these
have negligible effects compared to the Wilson coefficients that appear at the
tree-level (cf. [164]).
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LQ dj → di`−`′+ decays uj → ui`−`′+ decays
S3 c
LL = − v2
2m2LQ
yLL3 j`′y
LL∗
3 i` c
LL = − v2
2m2LQ
(V T yLL3 )j`′(V
T yLL3 )
∗
i`
R2 c
LR = v
2
4m2LQ
yLR2 `jy
LR∗
2 `′i c
LR = v
2
4m2LQ
(yLR2 V
†)`j(yLR2 V
†)∗`′i
cRL = v
2
4m2LQ
yRL2 i`′y
RL∗
2 j`
gLL = 4hLL = − v2
4m2LQ
yRL∗2 j` (y
LR
2 V
†)∗`′i
gRR = 4hRR = − v2
4m2LQ
yRL2 i`′(y
LR
2 V
†)`j
R˜2 c
RL = v
2
4m2LQ
y˜RL2 i`′ y˜
RL∗
2 j`
S˜1 c
RR = − v2
4m2LQ
y˜RR1 j`′ y˜
RR∗
1 i`
S1 c
LL = − v2
4m2LQ
(V T yLL1 )j`′(V
T yLL1 )
∗
i`
cRR = − v2
4m2LQ
yRR1 j`′y
RR∗
1 i`
gLL = −4hLL = v2
4m2LQ
yRR1 j`′(V
T yLL1 )
∗
i`
gRR = −4hRR = v2
4m2LQ
(V T yLL1 )j`′y
RR∗
1 i`
U3 c
LL = v
2
2m2LQ
xLL3 i`′x
LL∗
3 j` c
LL = v
2
m2LQ
(V xLL3 )i`′(V x
LL
3 )
∗
j`
V2 c
LR = − v2
2m2LQ
xLR2 j`′x
LR∗
2 i`
cRL = − v2
2m2LQ
xRL2 j`′x
RL∗
2 i`
gLR = v
2
2m2LQ
xRL2 j`′x
LR∗
2 i`
gRL = v
2
2m2LQ
xLR2 j`′x
RL∗
2 i`
cLR = − v2
2m2LQ
(V TxLR2 )j`′(V
TxLR2 )
∗
i`
V˜2 c
RL = − v2
2m2LQ
x˜RL2 j`′ x˜
RL∗
2 i`
U˜1 c
RR = v
2
2m2LQ
x˜RR1 i`′ x˜
RR∗
1 j`
U1 c
LL = v
2
2m2LQ
xLL1 i`′x
LL∗
1 j`
cRR = v
2
2m2LQ
xRR1 i`′x
RR∗
1 j`
gLR = − v2
m2LQ
xLL1 i`′x
RR∗
1 j`
gRL = − v2
m2LQ
xRRi`′ x
LL∗
1 j`
Table 4: Tree-level Wilson coefficients of LQ models in rare semileptonic decays. Values
quoted are valid at the matching scale taken to be the LQ mass mLQ. We have not explicitly
written the lepton and quark flavor indices on the Wilson coefficients, as introduced in the
operator basis. For example, a table entry for cLL stands for cLL
ij;``′ . V and U are CKM and
PMNS matrices, respectively. The electroweak vacuum expectation value is v = 246 GeV.
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3.2.1. P → `−`′+
The leptonic decay width of a neutral meson to two charged leptons of same
flavor depends on the Wilson coefficients Cij;``
10(′) , C
ij;``
S(′) , C
ij;``
P (′) :
ΓP→`+`− = f2Pm
3
P
G2Fα
2
em
64pi3
|λq|2β`(m2P )
[
m2P
(mqi +mqj )2
∣∣∣Cij;``S − Cij;``S′ ∣∣∣2β`(m2P )2
+
∣∣∣ mP
mqi +mqj
(
Cij;``P − Cij;``P ′
)
+ 2
m`
mP
(
Cij;``10 − Cij;``10′
) ∣∣∣2] ,
(56)
where β`(q2) =
√
1− 4m2`/q2 andmqj , mqj are the masses of the valence quarks
in the pseudoscalar meson P . The SM contributes only to the lepton flavor
conserving coefficient Cij;``10 that enters with a helicity suppression factor m
2
`
in decay width, which is not present for scalar or pseudoscalar coefficients.
Experimental limits from P → `+`− are thus mostly sensitive to LQ scenarios
that generate Cij;``
S(′) , C
ij;``
P (′) [165]. The most notable constraining decay modes
are Br(KL → µ+µ−), Br(D0 → e+e−, µ+µ−), whose experimental results or
upper bounds are difficult to interpret since the SM long-distance contributions
are not well known (see e.g. [166] for charm and [167] forKL decays). Thus, with
lowering upper experimental bounds in the near future one should improve the
SM theoretical predictions for these modes in order to gain more information
on the short distance physics. On the other hand, B meson decays, B0(s) →
e+e−, µ+µ−, τ+τ−, can be much more reliably predicted in the SM with the
only hadronic uncertainty coming from the rather well known decay constants
fB(s) . Presently, only the Bs → µ+µ− has been observed to agree with the SM
with branching fraction (2.8+0.7−0.6) × 10−6 reported by LHCb, CMS [168], and
reconfirmed by ATLAS [169], whereas decay modes with e+e− pair are helicity
suppressed, B0d decays are Cabibbo suppressed, and modes with τ
+τ− are more
difficult on the experimental side.
While the lepton conserving decay modes P → `+`− do not depend on Cij;``9
since the leptonic vector current ¯`γµ` is conserved1, the LFV decay modes
P → ``′ depend further on C``′9 [170] due to non-conserved vector current
and are furthermore theoretically cleaner than the corresponding lepton fla-
vor conserving modes. Leptonic decays have been studied in [171] as well as in
Ref. [172], where decay width of Bs → ττ was related to the absorptive mixing
amplitude in Bs-B¯s system. Bounds on LFV decays are important in situa-
tions where an LQ state is interacting with different generations of leptons, cf.
Refs. [3, 173, 174, 124, 136].
1Effectively, the interaction term is proportional to fP (¯`(x)γµ`(x))(∂µP (x)) that is pro-
portional to lepton current divergence after integrating by parts.
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3.2.2. P → P ′(V )`−`′+
Decay width expressions for the three body decay P → P ′`+`− can be found
for the case of B meson decays in, e.g., [139, 165]:
d2ΓP→P ′`+`−(q2, cos θ)
dq2d cos θ
= a`(q
2) + b`(q
2) cos θ + c`(q
2) cos2 θ, (57)
where q2 is the lepton pair invariant mass and θ the angle between `− and
decaying mother particle P momenta in the rest frame of leptons. The q2
dependent angular coefficients are expressed as
a`(q
2) = C(q2)
[
q2
(
β2` (q
2)|FS(q2)|2 + |FP (q2)|2
)
+
λ(q2)
4
(|FA(q2)|2 + |FV (q2)|2)
+ 4m2`m
2
P |FA(q2)|2 + 2m`
(
m2P −m2P ′ + q2
)
Re
(
FP (q
2)F ∗A(q
2)
) ]
,
b`(q
2) = 2 C(q2)
{
q2
[
β2` (q
2)Re
(
FS(q
2)F ∗T (q
2)
)
+ Re
(
FP (q
2)F ∗T5(q
2)
)]
+m`
[√
λ(q2)β`(q
2)Re
(
FS(q
2)F ∗V (q
2)
)
+
(
m2P −m2P ′ + q2
)
Re
(
FT5(q
2)F ∗A(q
2)
) ]}
,
c`(q
2) = C(q2)
[
q2
(
β2` (q
2)|FT (q2)|2 + |FT5(q2)|2
)
− λ(q
2)
4
β2` (q
2)
(|FA(q2)|2 + |FV (q2)|2)
+ 2m`
√
λ(q2)β`(q
2)Re
(
FT (q
2)F ∗V (q
2)
) ]
,
(58)
where C(q2) = (G2Fα2em|λq|2)/(512pi5m3P )β`(q2)
√
λ(q2) and λ(q2) ≡ λ(q2,m2P ,m2P ′),
as defined in Eq. (36). The Wilson coefficients and hadronic form factors enter
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the decay rate in following combinations:
FV (q
2) =
(
Cij;``9 + C
ij;``
9′
)
f+(q
2) +
2mqj
mP +mP ′
(
Cij7 + C
ij
7′ +
4m`
mqj
Cij;``T
)
fT (q
2),
FA(q
2) =
(
Cij;``10 + C
ij;``
10′
)
f+(q
2),
FS(q
2) =
m2P −m2P ′
2mqj
(
Cij;``S + C
ij;``
S′
)
f0(q
2),
FP (q
2) =
m2P −m2P ′
2mqj
(
Cij;``P + C
ij;``
P ′
)
f0(q
2)
−m`
(
Cij;``10 + C
ij;``
10′
)[
f+(q
2)− m
2
P −m2P ′
q2
(
f0(q
2)− f+(q2)
)]
,
FT (q
2) =
2
√
λ(q2)β`(q
2)
mP +mP ′
Cij;``T fT (q
2),
FT5(q
2) =
2
√
λ(q2)β`(q
2)
mP +mP ′
Cij;``T5 fT (q
2).
(59)
The hadronic form factors are defined as in Eqs. (37). Interplay of leptonic and
semileptonic P → P ′`+`− decays together constrain the couplings of LQ in the
bs¯ systems very effectively [175, 136, 176, 177, 178, 179]. Whereas the leptonic
P → `+`− are sensitive to differences between a particular Wilson coefficient and
its chirally flipped counterpart, e.g., Cij;``10 −Cij;``10′ , the P → P ′`+`− are sensitive
to sums of the two coefficients. In the three-body decay hadronic uncertainties
due to local (form factor) and non-local hadronic contributions are hindering
the access to the LQ couplings and thus decay rates do not present the most
stringent and reliable constraints. These obstacles can be avoided by resorting to
LFU ratios, as in e.g. RK = Γ(B → Kµ+µ−)/Γ(B → Ke+e−), q2 ∈ [1, 6] GeV2,
where experimental and theoretical uncertainties are significantly reduced. In
the SM the LFU violation induced by lepton masses is practically negligible,
RSMK = 1.0003(1) [111] and is 2.6σ lower than the LHCb measured value
RLHCbK = 0.745
+0.090
−0.074 ± 0.036. (60)
The statistical error of RK will be reduced in the ongoing LHC run 2 at LHCb
and it will be further probed by the Belle 2 experiment. Generalization of RK
to other channels (B → K∗`+`−, Bs → φ`+`−) and/or kinematical regions of
q2 would allow to confirm the excess and to learn more about the type of New
Physics (NP) responsible for LFU violation. The (partial) decay spectra have
also been well measured for B → K decays at low- and high-q2 kinematical
regions and their branching ratios are of the order 10−7. The bounds on the
LFV decay modes of B → P``′ are bounded to be below ∼ 10−8 when only
light leptons are involved and ∼ 10−5 for modes involving τ [14].
For recent works addressing the RK observable cf. [180, 181, 116, 164, 149,
145, 108, 182, 147]. Two simple extensions of the SM that aim at addressing the
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RK anomaly through physics of LQs have been presented in Ref. [181]. First
extension calls for the SM with one scalar LQ that transforms as R˜2, where the
LQ in question couples to electrons. Second possibility is to introduce S3 scalar
LQ that couples to muons. Note that the authors of Ref. [181] consider very
specific sets of couplings of LQs to matter that prevent one from identifying
them to be of the first, second or third generation type. Scalar LQ of S3 type
that arises as a pseudo-Goldstone boson of the strong dynamics has been used
to address the RK anomaly in Ref. [182]. New physics contributions due to
exchange of scalar LQs R2 and R˜2 towards rare decays of B mesons have been
studied in Ref. [179]. The RK anomaly has also been addressed through physics
of scalar LQ R˜2 in Ref. [164].
Finally, decays with a vector meson P → V `+`− in the final state are ef-
fectively 4-body decays that offer many independent angular observables [183]
and these observables can be used to cross-check scenarios that fit well with the
RK measurements. Result of the global fit of the effective coefficients (53) to
the b → s`+`− data [184] also strongly disfavors the SM hypothesis and is in
line with the deviation observed in RK . The fit unambiguously prefers that C9
should deviate from its SM value. The global deviations observed in b→ s`+`−
have recently been interpreted in terms of a vector LQ model [131, 149]. One
of the recent attempts to resolve the problems of the SM with lepton flavor uni-
versality ratios RK and R
(∗)
D is by introducing the LQ state S1. The LQ state
S1 modifies lepton universality ratio R
(∗)
D at tree-level and the rare decays’ ratio
RK only at loop level, thus mimicking the SM loop suppression pattern of the
two observables [147].
Rare charm decays offer less stringent constraints due to large hadronic
uncertainties of the relevant SM contributions. They have been studied in
Refs. [166, 21, 185, 141].
3.2.3. P → V γ and P → Xγ
Rare radiative decays, e.g., B → Xsγ, correspond to penguin diagrams with
a virtual LQ and a lepton and are suppressed by the electromagnetic coupling
and a loop factor αem/(4pi) ∼ 10−3 at the amplitude level. Most notable decays
are B → K∗γ, B → Xsγ, and D → ργ with well measured branching fractions,
but loop suppressed sensitivity to the LQ couplings. Generally, same couplings
are much better constrained through tree-level contributions of processes with
γ replaced by `+`− pair. Thus, for the LQ contributions to rare processes
with flavor structure q¯iqj ¯`` ′, the electromagnetic penguin insertions q¯iqjγ are
negligible except in cases when tree-level contributions to q¯iqj ¯`` ′ vanish. In
the case of S1 scalar LQ the s¯b`+`− processes are mediated by box diagrams
while semileptonic decays b→ c`ν¯ occur at tree-level. Such mimicry of the SM
pattern of the relative suppression of the two types of processes enables one to
address the RK and RD(∗) puzzles simultaneously [147].
3.2.4. P → P ′νν¯, P → V νν¯
Rare decays with neutral quark current and a neutral ν¯ν pair in the final
state are in close correspondence to decays with the same quark flavors and ¯`′+`−
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in the final state. Namely, in all LQ models where lepton doublets are involved
both of these processes are relevant and their couplings differ only because of
the PMNS mixing. The relevant effective Lagrangian of LQ contributions to
P → P ′(V )νν¯ introduced in [186] and extended to account for a possibility of
right-handed neutrino involved in LQ interactions reads:
Lq¯iqj ν¯ν′eff =
√
2GF
[
cLLij;νν′(q¯
i
Lγµq
j
L)(ν¯Lγ
µν′L) + c
RR
ij;νν′(q¯
i
Rγµq
j
R)(ν¯Rγ
µν′R)
+ cLRij;νν′(q¯
i
Lγµq
j
L)(ν¯Rγ
µν′R) + c
RL
ij;νν′(q¯
i
Rγµq
j
R)(ν¯Lγ
µν′L)
+ gLLij;νν′(q¯
i
Lq
j
R)(ν¯Lν
′
R) + h
LL
ij;νν′(q¯
i
Lσ
µνqjR)(ν¯Lσµνν
′
R)
+ gRRij;νν′(q¯
i
Rq
j
L)(ν¯Rν
′
L) + h
RR
ij;νν′(q¯
i
Rσ
µνqjL)(ν¯Rσµνν
′
L)
+ gLRij;νν′(q¯
i
Lq
j
R)(ν¯Rν
′
L) + g
RL
ij;νν′(q¯
i
Rq
j
L)(ν¯Lν
′
R)
]
.
(61)
The Lagrangian (61) is written in the fermion mass eigenstate basis. The ex-
periments do not detect neutrinos directly and can measure the inclusive width
summed over all neutrino species:
Γ(P → P ′νν¯) ≡
∑
ν,ν′
Γ(P → P ′νν¯′). (62)
Thus the above observable receives contributions from lepton flavor conserving
as well as LFV amplitudes [186, 131]. The effective coefficients of (61) at scale
mLQ are summarized in Table 5. (See Fig. 8.)
For the B → Kν¯ν decays the main contribution is due to the top quark
dominance in the SM and the effective contribution to the “left” Wilson coeffi-
cient is cLL,SMsb;νν′ = δνν′
αemλt
pi C
SM
L , where C
SM
L = −6.35 [186]. The corresponding
SM prediction is Br(B+ → K+ν¯ν) = (4.0 ± 0.5) × 10−6, while the current ex-
perimental upper bound on this decay is 1.6 × 10−5 [187]. Belle 2 experiment
plans to probe the SM prediction of B → K∗νν¯ with 30% error [188].
The effective Lagrangian of rare decays K → piν¯ν, on the other hand, gets
SM contributions of box diagrams with charm/top quark and charged leptons.
The charm part of the effective coefficient is sensitive to the mass of charged
lepton and contributes about 30% of the total branching ratio in K+ → pi+ν¯ν
but has no effect in KL → pi0ν¯ν [189, 190, 191]. The dominant lepton flavor
universal part of the Wilson coefficient, stemming from the top quark penguins
and boxes is equal as in the case of B → Kν¯ν, namely CSML = −6.35 [191],
while the predicted branching fractions in the SM are Br(K+ → pi+ν¯ν)SM =
(7.8± 0.8)× 10−11 and Br(KL → pi0ν¯ν)SM = (2.4± 0.4)× 10−11. The charged
mode has been observed by the E949 experiment, Br(K+ → pi+ν¯ν) = (1.7 ±
1.1) × 10−10 [192], whereas the neutral mode has been bounded from above,
Br(KL → pi0ν¯ν) < 2.6× 10−8 at 90%C.L., by the E391a experiment [193]. The
NA62 plans to measure K → piνν¯ decays with 10% error [194] while KL → pi0νν¯
will be sought after in KOTO experiment [195].
Constraints from B → Xsνν¯ have been first derived in [196] while recent
detailed studies of LQ contributions to B → K(∗)νν¯ can be found in Refs. [186,
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LQ dj → diνν¯′ decays uj → uiνν¯′ decays
S3 c
LL = v
2
2m2
LQ
(yLL3 U)jν′ (y
LL
3 U)
∗
iν c
LL = v
2
m2
LQ
(V T yLL3 U)jν′ (V
T yLL3 U)
∗
iν
R2 c
RL = − v2
2m2
LQ
(yRL2 U)iν′ (y
RL
2 U)
∗
jν
R˜2 c
RL = − v2
2m2
LQ
(y˜RL2 U)iν′ (y˜
RL
2 U)
∗
jν
cLR = − v2
2m2
LQ
y˜LR
2 iν′ y˜
LR∗
2 jν
gRR = 4hRR = − v2
2m2
LQ
(y˜RL2 U)iν′ y˜
LR∗
2 jν
gLL = 4hLL = − v2
2m2
LQ
y˜LR
2 iν′ (y˜
RL
2 U)
∗
jν
cLR = − v2
2m2
LQ
(V y˜LR2 )iν′ (V y
LR
2 )
∗
jν
S1 c
LL = v
2
2m2
LQ
(yLL1 U)jν′ (y
LL
1 U)
∗
iν
cRR = v
2
2m2
LQ
yRR
1 jν′y
RR∗
1 iν
gRR = −4hRR = v2
2m2
LQ
(yLL1 U)jν′y
RR∗
1 iν
gLL = −4hLL = v2
2m2
LQ
yRR
1 jν′ (y
LL
1 U)
∗
iν
S¯1 c
RR = v
2
2m2
LQ
y¯RR
1 jν′ y¯
RR∗
1 iν
U3 c
LL = − 2v2
m2
LQ
(xLL3 U)iν′ (x
LL
3 U)
∗
jν c
LL = − v2
m2
LQ
(V xLL3 U)iν′ (V x
LL
3 U)
∗
jν
V2 c
RL = v
2
m2
LQ
(xRL2 U)jν′ (x
RL
2 U)
∗
iν
V˜2 c
RL = v
2
m2
LQ
(x˜RL2 U)jν′ (x˜
RL
2 U)
∗
iν
cLR = v
2
m2
LQ
(V T x˜LR2 )jν′ (V
T x˜LR2 )
∗
iν
gRL = 2v
2
m2
LQ
(V T x˜LR2 )jν′ (x˜
RL
2 U)
∗
iν
gLR = 2v
2
m2
LQ
(x˜RL2 U)jν′ (V
T x˜LR2 )
∗
iν
U1 c
LL = − v2
m2
LQ
(V xLL1 U)iν′ (V x
LL
1 U)
∗
jν
cRR = − v2
m2
LQ
xRR
1 iν′x
RR∗
1 jν
cLR = 2v
2
m2
LQ
(V xLL1 U)iν′x
RR∗
1 jν
cRL = 2v
2
m2
LQ
xRR
1 iν′ (V x
LL
1 U)
∗
jν
U¯1 c
RR = − v2
m2
LQ
xRR
1 iν′x
RR∗
1 jν
Table 5: Tree-level Wilson coefficients of LQ models in rare decays qj → qiνν¯′. Values quoted
are valid at the matching scale taken to be the LQ mass mLQ. The flavor indices have been
suppressed. For example, entry cLL stands for cLL
ij;νν′ . V and U are CKM and PMNS matrices,
respectively. The electroweak vacuum expectation value is v = 246 GeV.
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Figure 8: Diagrams of rare meson decays of flavor (d¯′d)(ν¯ν¯) and (u¯′u)(ν¯ν¯) induced by LQs.
The F = 0 (|F | = 2) LQs contribute as shown in the left-hand (right-hand) side diagram.
Propagators are labeled by charge of the relevant components of the LQ.
178, 164]. The scalar LQ state S3 as an explanation of the RK ratio (60) has
been constrained by B → K(∗)νν¯ and K+ → pi+νν¯ decay widths in Ref. [182].
3.3. Neutral meson anti-meson oscillations
The LQ induced MM mixing amplitudes originate from diagrams with LQ
state with F = 0 or |F | = 2, accompanied by leptons in the box. For the |F | = 2
states which always couple to two quarks, additional box diagrams with virtual
quarks are possible. The |F | = 2 states naïvely seem to mediate meson mixing
at tree-level, however the diquark couplings (zij) are always antisymmetric in
flavor space, as shown in Section 1 (also cf. [16]). One can easily see that mixing
amplitudes vanish for antisymmetric diquark Yukawas.
With LQ couplings to lepton and quark fields as the main focus of this review,
proton decay constraints force the diquark couplings of any |F | = 2 LQ state
to be negligible. For an alternative approach where the diquark aspect of |F | =
2 LQ state has been considered addressing neutral meson mixing constraints
see [88].
The interaction Lagrangian of any scalar LQ can be split down to couplings
to left- and right-handed quarks of definite charge:
L = q¯i [lijPR + rijPL] `j S + h.c., (63)
where qi denotes quarks of definite charge (2/3 or −1/3), `j stands for charged
leptons or neutrinos or their charge conjugate (charges −1, 0, 1). Couplings l and
r can be straightforwardly obtained from defining Lagrangians of each scalar LQ
presented in Section 1. The effective Lagrangian in the approximation where
we only keep the LQ mass finite reads
Leff = −1
128pi2m2LQ
[
(ll†)2ji(q¯
jγµPLq
i)(q¯jγµPLq
i) + (rr†)2ji(q¯
jγµPRq
i)(q¯jγµPRq
i)
− 4(ll†)ji(rr†)ji(q¯jPLqi)(q¯jPRqi)
]
.
(64)
As an example we demonstrate complementarity of constraints coming from
rare decays and mass splitting in meson mixing constraints for the case of R2
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scalar LQ state. For simplicity we consider only two non-zero Yukawa couplings,
yLR2µs and yLR2µb, which drive the effects in Bs → µ+µ−, B → K(∗)µ+µ−, and
also Bs–B¯s mixing. Looking into Tab. 4 we find that the effective coefficient
cLR (equivalent to C9 = C10 Wilson coefficients in the standard basis) scales
as yLR∗2µs yLR2µb/m
2
LQ, whereas in Eq. (64) the operator (s¯γ
µPLb)
2 is multiplied
by (yLR∗2µs yLR2µb)
2/m2LQ. Thus the two constraints depend on the same Yukawas
but scale differently with mass. The effective coupling in the mixing scales as
Amix ∼ Adecaym2LQ, thus making the constraint on ∆ms, the mass splitting in
the Bs system, more constraining for heavy R2. In Fig. 9 we show an interplay
of constraints coming from the measured branching fraction of Bs → µ+µ−
and the measured branching fraction of B+ → K+µ+µ− in the region q2 ∈
[15, 22] GeV2 [197], as has been done in Ref. [164] for the R˜2 state. The two
constraints are invariant with respect to the mass of leptoquark. However, for
high masses, here taken to be mLQ = 20 TeV, the constraint from ∆ms is
becoming relevant and disallows large real parts of the Wilson coefficient C10,
as shown by the dashed lines in Fig. 9. For the SM prediction, we employed the
value provided in the lattice study [198], ∆ms = (19.6 ± 1.6) ps−1, while the
world experimental average was taken to be ∆ms = (17.76± 0.02) ps−1 [150].
Figure 9: Constraints in the complex plane of Wilson coefficient Csb;µµ10 , for a R2 scalar LQ
scenario where C10 = C9. Gray circle corresponds to 2σ agreement with B → Kµ+µ−
decay rate in region q2 ∈ [15, 22] GeV2, dark and light blue regions are 1 and 2σ regions due
to Bs → µ+µ− branching ratio. Taken at mass mLQ = 20 TeV, the agreement with mass
splitting ∆ms at 1σ prefers the parameter space between the dashed curves.
Specification of the vector LQ interactions suited for the study of neutral
meson mixing is completely analogous to Eq. (63):
L = q¯iγµ [lijPL + rijPR] `j Vµ + h.c., (65)
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with coupling matrices which can be straightforwardly related to LQ couplings
specified in Section 1. Here Vµ is an eigencharge component of a vector LQ mul-
tiplet. However, the effect of vector LQs in loop processes is model dependent
to a large extent. Simple extensions of the SM with a massive vector LQ with
explicit mass term are not renormalizable and are thus dependent on the details
of the ultraviolet (UV) completion [12]. In particular, the longitudinal compo-
nent of the virtual massive vector is not damped sufficiently in the UV region.
In order to render the setup renormalizable one should formulate a theory with
an extended gauge symmetry where the vector LQ is a gauge boson associated
with part of this symmetry. The gauge symmetry is then broken via the Higgs
mechanism which provides the mass for the vector LQ. The theory in the broken
phase would then be renormalizable. Another consequence in such a setting is
that coupling matrices lij and rij of Eq. (65) must be proportional to some uni-
tary matrices, if we assume that the gauge symmetry is blind to the generation
indices of fermions. The matrices lij and rij are proportional to δij only in the
flavor basis whereas in the mass basis the identity matrix is transformed to a
product of unitary rotations connecting flavor and mass eigenstates.
Some aspects of the spontaneously broken extended gauge symmetry are
independent of the UV details. Indeed, in the unitary gauge the relevant in-
teraction terms reduce to (65) and the vector propagator carries three physical
polarizations, −i(gµν − kµkν/m2LQ)/(k2−m2LQ), while all other degrees of free-
dom that depend on the UV completion decouple. In the case of chiral vector
LQs the unitarity of the coupling matrix lij (or rij) is sufficient to eliminate all
UV divergences in neutral meson mixing amplitudes. For the vector LQ with
couplings lij the box amplitudes obtained in the unitary gauge match onto the
effective Lagrangian:
Leff = 1
32pi2m2V
∑
`,`′
(li`l
∗
j`)(li`′ l
∗
j`′)S(x`, x`′)(q¯
jγµPLq
i)(q¯jγµPLq
i),
x` = m
2
`/m
2
V ,
(66)
where S0 is the Inami–Lim function [199]:
S0(x, y) = xy
[
(x2 − 8x+ 4) log x
4(x− 1)2(x− y) + (x↔ y)
]
− 3xy
4(x− 1)(y − 1) . (67)
Here the double unitarity sum over leptons `, `′ has been invoked to cancel all
the divergent terms and to impose boundary conditions S0(0, y) = S0(x, 0) = 0.
The part of the amplitude that survives must thus have non-zero and non-
degenerate lepton masses. This GIM-like suppression is completely analogous
to the GIM mechanism in the SM but contrary to the situation in the SM
where large top quark mass typically enhances the amplitudes, here the final
amplitudes are small due to tiny ratio m2`/m
2
V . In the case of non-chiral vector
LQs, lepton helicity flips are allowed in which case the corresponding divergent
parts each comes with a lepton mass in front, invalidating the GIM cancellation
of divergences.
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The cleanest observable offered by the KK¯ system is the indirect CP vio-
lating parameter  = (2.228± 0.011)× 10−3 [14]. Mass splitting ∆mK and ′/
are more prone to long distance QCD effects [14]. The properties of the DD¯
system have been precisely measured and the fitted value of mass and width
differences, both hard to predict precisely, are in the ballpark of the SM values.
The indirect CP violation parameters |p/q| and sinφ [200, 88] are still consistent
with null value [150]. In the B0(s) sector the indirect CP violation as well as me-
son mass splittings are well measured [14] and dominated by the short distance
contributions. Mass splittings in this case can be also precisely predicted thanks
to the advances in the lattice QCD predictions of relevant bag parameters and
meson decay constants [140].
Approximate bounds on vector LQs from neutral meson mixing have been
studied in Ref. [3]. The lifetime difference in the Bs–B¯s system has been dis-
cussed in Refs. [201, 202]. Constraints stemming from the D0–D¯0 system prop-
erties have been derived in Ref. [203]. An approach to mixing and other loop
mediated amplitudes without the assumption of unitarity of the vector LQ cou-
plings has been pursued in Ref. [149].
3.4. Rare processes of charged leptons
LQ states contribute to rare charged lepton processes by forming a loop
with quarks and LQs. For the scalar LQs we employ the Lagrangian already
introduced in the subsection on neutral meson mixing, Eq. (63):
L = q¯i [lijPR + rijPL] ˜`j S + h.c.. (68)
Recall that qi is a quark field whereas ˜`j stands for a charged lepton ˜`j = `j
(charge-conjugated charged lepton ˜`j = (`j)C) in the case of scalar S belonging
to an F = 0 (|F | = 2) LQ multiplet. For the processes with charged leptons it is
convenient to separate the F = 0 and |F | = 2 cases and rewrite the Lagrangian
(68) for both cases in terms of definite lepton charge:
LF=0 = q¯i [lijPR + rijPL] `j S + h.c.,
L|F |=2 = qi,C [l∗ijPL + r∗ijPR] `j S∗ + h.c.. (69)
Note that the couplings lij and rij are defined as couplings to left- and right-
handed quarks, respectively, irrespective of the value of F .
3.4.1. `→ `′γ
The experimental searches for ` → `′γ have resulted in upper bounds on
these decays’ branching ratios that severely constrain LFV parameters of NP
models. Among the strictest upper bounds ever experimentally obtained is the
bound on Br(µ → eγ) < 4.2 × 10−13 @ 90%CL that has been obtained at the
MEG experiment [204]. The MEGII experiment plans to further lower this
bound by another order of magnitude [205]. LFV decays of the τ lepton are
considerably weaker — Br(τ → µγ) < 4.4 × 10−8 @ 90%CL and Br(τ → eγ) <
3.3× 10−8 @ 90%CL — as determined by the BaBar Collaboration [206].
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Figure 10: One loop scalar LQ contributions to `→ `′γ and to dipole moments of leptons.
The effective Lagrangian for `→ `′γ respecting gauge invariance of quantum
electrodynamics can be written as:
L`→`′γeff =
e
2
¯`′iσµνFµν
(
σ``
′
L PL + σ
``′
R PR
)
`. (70)
For definiteness let us mention that the charge sign convention used through-
out this section for the electromagnetic (EM) vertex is such that the tree-level
Lagrangian for lepton–photon interaction is e¯`Aµγµ` (cf. Appendix B). The
radiative LFV decay width following from Eq. (70) is
Γ(`→ `′γ) = αemm
3
`
(
1−m2`′/m2`
)3
4
(
|σ``′L |2 + |σ``
′
R |2
)
. (71)
Taking the Lagrangian for F = 0 LQ states in (69) as a starting point one finds
the contribution of the diagrams in Fig. 10 amounts to:
σ``
′
L =
iNc
16pi2m2LQ
∑
q
{(
l∗q`′ lq`m` + r
∗
q`′rq`m`′
)
[QSfS(xq)− fF (xq)]
+ l∗q`′rq`mq [QSgS(xq)− gF (xq)]
}
,
σ``
′
R =
iNc
16pi2m2LQ
∑
q
{(
r∗q`′rq`m` + l
∗
q`′ lq`m`′
)
[QSfS(xq)− fF (xq)]
+ r∗q`′ lq`mq [QSgS(xq)− gF (xq)]
}
.
(72)
In the above expressions σ``
′
L,R are proportional to the number of colors, Nc = 3,
and are summed over all virtual quark flavors q. Charge QS is defined as the
charge of the scalar LQ field S in the Lagrangians (68), (69). The loop functions
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of the argument xq = m2q/m2LQ are:
fS(x) =
x+ 1
4(1− x)2 +
x log x
2(1− x)3 ∼
1
4
,
fF (x) =
x2 − 5x− 2
12(x− 1)3 +
x log x
2(x− 1)4 ∼
1
6
,
gS(x) =
1
x− 1 −
log x
(x− 1)2 ∼ − log x,
gF (x) =
x− 3
2(x− 1)2 +
log x
(x− 1)3 ∼ − log x.
(73)
The above expressions agree with the formulas presented in Ref. [207]. In
Eqs. (73) the limiting behavior of the functions is indicated when x becomes
small. Note that in such a limit the contribution of a chiral LQ with charge
QS = 2/3 becomes negligible due to cancellation between the terms with fS
and fF . Eqs. (73) have been derived for the F = 0 case and are easily adapted
to the |F | = 2 case by flipping the scalar charge, QS → −QS (but with QS still
defined as charge of the field S), and applying lq` → r∗q`, rq` → l∗q`.
Rare radiative processes with LFV have been studied for vector and scalar
LQs with unitary coupling matrices in Ref. [208]. Constraints on the scalar
leptoquarks from LFV radiative decays were also tackled in the literature in
Refs. [135, 209].
3.4.2. Anomalous magnetic moments
Virtual corrections due to LQ states can modify the tree-level electromag-
netic interactions of charged leptons `. At the level of the `(p) → `(p′)γ∗(q, )
amplitude one has [210]:
ieu¯`(p
′)
[
γµ − a`
2m`
iσµνqν
]
u`(p)
∗
µ, qµ = (p− p′)µ. (74)
The gyromagnetic ratio g` is then obtained from the relation a`(q2 → 0) =
(g` − 2)/2. At the effective Lagrangian level a` corresponds to the following
interacting Lagrangian:
La` = e¯`
(
γµA
µ +
a`
4m`
σµνF
µν
)
`, (75)
where Fµν = ∂µAν−∂νAµ. The terms in the brackets are independent of electric
charge convention, while the overall sign reflects the choice of the covariant
derivative for lepton: Dµ = ∂µ − ieAµ. From the amplitude (70) adapted to
the ` = `′ case one can extract a` = im`(σL + σR). Scalar LQ contributions to
lepton anomalous magnetic moments have been known for some time [13]. All
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F = 0 scalar LQs contribute as
a` = − Ncm`
8pi2m2LQ
∑
q
[
m`
(|lq`|2 + |rq`|2) (QSfS(xq)− fF (xq))
+mqRe(r
∗
q`lq`) (QSgS(xq)− gF (xq))
]
.
(76)
The above expression is valid for LQ with F = 0 and can be recast to the
|F | = 2 case by changing the sign before QS . Eq. (76) reveals that a chiral
LQ charge-eigenstate contributes to a` with a definite sign depending only on
QS . However, complete LQ multiplets could have contributions from different
QS and in such cases the sign may depend on the interplay between Yukawa
couplings of differently charged states. We do not consider contributions of
vector LQ states towards a` since their contributions largely depend on the UV
details of the theory.
Currently the most precise experimental result on the magnetic moment
of the muon is due to the E821 experiment performed at BNL [211, 212] and
amounts to aexpµ = 1.16592080(63) × 10−3. Comparing it to the contemporary
state-of-the-art SM predictions, aSMµ = 1.16591803(70) × 10−3 [14] (see also
[213]) the difference between the two numbers, ∆aµ ≡ aexpµ − aSMµ = (2.8 ±
0.9)× 10−9, entails a strong constraint on the couplings of LQ states to muon.
Next generation experiments will reduce the error in aexpµ by a factor of 4 [214].
The contributions of LQs to a` have been presented in Refs. [215, 216, 217,
218, 219]. The connection between aµ and the electric dipole of the muon, in
light of the BNL measurement, has been advocated in [217]. The interplay
between LFV lepton decays have been studied in Refs. [220, 135]. Bounds on
the LQ couplings, albeit weak, have been also derived from the measurements
of neutrino magnetic moments in Ref. [221].
3.4.3. `→ `′`′`′′
The four-lepton lepton flavor violating amplitude is mediated by box dia-
grams involving leptoquarks and quarks corresponding to diagrams of neutral
meson mixing via LQ turned inside out. The amplitudes of scalar LQ media-
tion scale as ∼ y4/m2LQ, where y is the relevant LQ coupling, whereas for the
vector LQ the contribution could be suppressed by a GIM-like mechanism [3].
Formulas for the neutral meson mixing amplitudes, i.e., (64) and (66), can be
straightforwardly adapted to cover the `→ `′`′`′′ processes. The upper bounds
stemming from µ → 3e decay on the relevant sets of couplings characteristic
of box diagrams have been derived in [3], with Z and γ penguin contributions
neglected. The box diagram of µ→ 3e is a product of LQ couplings present in
µ → eγ and the LQ coupling to electrons and quarks. On the other hand, the
photon penguin diagram contribution to ` → `′`′`′′ have similar structure as
`→ `′γ amplitudes and have been shown to be important in the case of unitary
coupling matrices in Ref. [208].
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The muon decay µ→ 3e is very strongly bounded with branching ratio below
1.0× 10−12 at 90% C.L. [222]. Bounds on many different decay modes of the τ
lepton are considerably weaker with branching fractions below ∼ 10−8 [14].
3.4.4. µ–e conversion in nuclei
Competitive lepton flavor violation constraints on LQ interactions can be
obtained from searches for µ–e conversion in nuclei. Currently the strongest
bounds on BRµe ≡ Γconversion/Γcapture were set by the SINDRUM Collabora-
tion from experiments on titanium with BR(Ti)µe < 4.3 × 10−12 [223] and gold
target setting BR(Au)µe < 7 × 10−13 [224], both at 90%C.L. The µ–e conversion
bounds are expected to be further improved in the future by several orders
of magnitude. The COMET [225] and DeeMe [226] experiments currently un-
der construction are expected to improve the current SINDRUM bounds by
an order of magnitude. Furthermore, according to proposals [227, 228, 229]
and [230, 231], one can expect a sensitivity of few times 10−17 at Mu2e or even
10−18 by the PRISM/PRIME experiment.
To get the constraint in the µ–e channel from these experiments, one needs
to compute the relevant transition matrix elements in different nuclei. A de-
tailed numerical calculation has been carried out in Ref. [232] and we use their
Eq. (14) to calculate the desired conversion rates. (For more recent evaluation
of uncertainties due to nuclear matrix element see Ref. [233].) They receive both
tree-level and one-loop LQ contributions. Using the notation of [232] we thus
have
Γconversion = 2G
2
F
∣∣∣A∗RD + (2g(u)LV + g(d)LV )V (p) + (g(u)LV + 2g(d)LV )V (n)
+(G
(u,p)
S g
(u)
LS +G
(d,p)
S g
(d)
LS +G
(s,p)
S g
(s)
LS)S
(p)
+(G
(u,n)
S g
(u)
LS +G
(d,n)
S g
(d)
LS +G
(s,n)
S g
(s)
LS)S
(n)
∣∣∣2
+ (L↔ R) , (77)
where G(u,p)S = G
(d,n)
S = 5.1, G
(d,p)
S = G
(u,n)
S = 4.3, and G
(s,p)
S = G
(s,n)
S =
2.5 [234], and one can identify g(q)RV,LV = 4(c
RR,LR
qq;eµ +c
RL,LL
qq;eµ ), g
(q)
RS,LS = 4(g
RR,LR
qq;eµ +
gRL,LLqq;eµ ) and 8GFmµAR,L/
√
2 = eσeµR,L. Note that quark tensor (h
RR,LL
qq;eµ ), pseu-
doscalar density (gRR,LRqq;eµ − gRL,LLqq;eµ ) and axial current (cRR,LRqq;eµ − cRL,LLqq;eµ ) opera-
tors do not contribute to the coherent conversion processes and their effects are
usually neglected altogether.
Since both Ti and Au processes feature the same flavor structure, the dif-
ferences between them are entirely determined by the numerical factors quoted
in Table 6. The Ti parameters entering in the conversion rate are on average a
factor ∼ 2.5 smaller than the ones for Au, whereas the capture rates differ by a
factor ∼ 5. Accordingly the difference between these branching ratios is a factor
of ∼ 2. Since the current experimental Au bound is a factor of six stronger, the
most stringent constraints can be derived from this target nucleus, in particu-
lar in absence of accidental cancellations one obtains σeµL,R < 1/(2 × 108 TeV),
55
Nucleus D[m5/2µ ] V (p)[m5/2µ ] V (n)[m5/2µ ]
Ti4822 0.0864 0.0396 0.0468
Au19779 0.189 0.0974 0.146
S(p)[m
5/2
µ ] S
(n)[m
5/2
µ ] Γcapture[10
6 s−1]
Ti4822 0.0368 0.0435 2.59
Au19779 0.0614 0.0918 13.07
Table 6: Data taken from Tables I and VIII of [232].
cXYuu;eµ < 2 × 10−8, cXYdd;eµ < 3 × 10−8, gXYuu;eµ < 2 × 10−8, gXYdd;eµ < 2 × 10−8
and gXYss;eµ < 3× 10−8 resulting in very stringent constraints on products of LQ
interactions coupling light quarks to electrons and muons.
3.4.5. τ → `′P , τ → `′V , τ → `′X
These decays are uniquely sensitive to Yukawas with light quarks and the
tau lepton. Limits on their branching fractions have been set by the B factories
and are expected to be further extended in the near future by the upcoming
Belle-II experiment. As an example, consider the width of the pionic channel
in the model with S˜1, studied in [136]:
Γτ→`pi0 =
|xd`xdτ |2
2048pi
f2pim
3
τ
m4LQ
[
1− 3m2`/m2τ − 2m2pi/m2τ
]
. (78)
The experimental upper bounds for these decays were obtained at the B factories
and are currently of the order 10−7 constraining the product of couplings at
|xd`xdτ | . 0.1 at mLQ = 1TeV.
3.5. Electric dipole moments and leptoquark contributions
Many New Physics models can contribute to electric dipole moments (EDMs)
of quarks and leptons. (For an excellent review see Ref. [235].) Only upper
bounds of the electric dipole moments are established experimentally. The
strongest constraint has been obtained for the EDM of neutron [236], the 199Hg
atom [237] and the ThO molecule [238]. Among leptons the most robust limit is
for the electron EDM. It reads |de| < 10.5× 10−28 e cm [239, 240]. This bound
then gives very strong constraints on the imaginary part of New Physics cou-
plings. The upper bounds of EDM for µ and τ and s, c, b, and t quarks are
orders of magnitude smaller than the abovementioned limits. LQs might con-
tribute to the electric dipole moments of quarks and leptons even at the one-loop
level as pointed out in [31]. The scenario is possible if there are two different
couplings of an LQ to a quark and a lepton. Namely, an LQ coupling to both
left- and right-handed quarks can produce an EDM of a lepton at the one-loop
level due to a chirality flip on the internal quark line. Of course, such a scenario
can only be efficient for heavy quarks (in particular the top) in the loop. For
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the same reason one loop LQ contributions to quark EDMs, with leptons run-
ning in the loop are severely suppressed and generically ignored. Leptoquarks
might contribute to the electric dipole moments of quarks and leptons even on
the one-loop level as pointed out in Ref. [31]. The scenario is possible if there
are two different couplings of the leptoquark to quark and lepton. Namely, for
the lepton dipole moment if leptoquark couples to both left- and right-handed
quarks, at one-loop to the chirality flip, one can produce electric dipole moment
at one loop. with the quark and lepton with two different couplings. Of course,
such scenario can be efficient if the top quark is in the loop. Although such
scenario is applicable to all leptonic generations, it makes sense to determine
electron electric dipole moment, due to rather week bounds on muon and tau
EDM.
As noticed by the authors of Ref. [31] EDM of the electron is found to be in
the case of R2 scalar leptoquark
de =
3mt
16pi2m2LQ
Im[(yLR2 V
†)13yRL2 31]f(m
2
t/m
2
LQ) (79)
with the function f defined as f(x) = (9−53x+60x2−40x3+2(2+5x) log x)/(x−
1)3. The upper bound on |de| < 2.0 × 10−28 e cm gives constraints on the
imaginary part of the relevant couplings
Im[(yLR2 V
†)13yRL2 31] < 2.2× 10−11. (80)
Among all other leptoquarks we find that only S1 scalar LQ state has two
different couplings leading to the electric dipole moment
de =
mt
64pi2m2LQ
Im[yRR1 31(V
T yLL1 )
∗
31]g(m
2
t/m
2
LQ) (81)
with g(x) = (−5 + 8x− 3x2 + 2(x− 2) log x)/(x− 1)3. The ensuing bound is
Im[yRR1 31(V
T yLL1 )
∗
31] < 9.2× 10−12. (82)
The LQs might contribute to EDMs at two-loop level through contributions
reviewed in [235] and recently in [241]. Such extensive analyses of LQs contri-
butions at two-loop levels were not performed yet.
4. Top quark, electroweak precision and Higgs physics constraints
Measurements involving top quarks, electroweak gauge bosons and the Higgs
boson typically proceed at much larger energy scales than precision flavor and
CP violation probes. Nonetheless, existing direct constraints on LQ masses
that are discussed in Section 5 typically justify the use of effective field theory
methods in this regime, i.e., the relevant expansion (v/mLQ)n is expected to be
convergent and well approximated by the first non-vanishing terms.
A special role is played by the electroweak precision observables which are
uniquely sensitive to possible mass splittings within SU(2) LQ multiplets. In
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particular, the stringently constrained oblique corrections are discussed in Sec-
tion 4.2.2.
Finally, special attention needs to be paid to the role of scalar LQs in Higgs
physics. In particular, these states can generically couple to the Higgs boson
through the scalar potential which contains gauge invariant marginal operator of
the form Φ†ΦH†H, where Φ is the LQ field and H is the SM Higgs doublet. The
so-called “Higgs portal” operator, after electroweak symmetry breaking, induces
corrections to the masses of weak Φ components (Φi) as well as the couplings to
the physical Higgs boson (Φ†iΦih), which in turn can affect loop induced Higgs
production and decay processes. Such effects can be probed with the Higgs
signal strength measurements at hadron and lepton colliders. In Section 4.3 we
review the impact of scalar LQs on Higgs boson phenomenology. We show how
the currently available LHC Higgs data constrain the relevant parameter space
and discuss possible improvements with future-projected data.
4.1. Leptoquarks in processes of top quarks
LQs coupling to the third generation can leave observable imprints in pro-
cesses involving top quarks. Most of the general considerations presented in
the opening paragraphs of Section 3 apply here as well. At the tree level, LQs
(assumed heavier than the top quark) can contribute to effective four-fermion
interactions in Eq. (52) where the relevant LQ contributions can be read from
Table 4. Their implications for top quark phenomenology have been studied re-
cently in Ref. [242]. As reviewed in Section 3 most stringent existing constraints
on such LQ couplings can actually be derived from low-energy phenomenology.
In particular LFV rare meson and charged lepton decays receive relevant contri-
butions from LQ interactions with top quark at the one-loop or even two-loop
level.
In top quark phenomenology, indirect LQ effects can be probed using both
top quark decays and production. In particular, tree-level LQ contributions can
induce LFV three-body decays of top quarks, which can be searched for using
the large top quark data sets at high energy hadron (or future lepton) colliders.
Alternatively, indirect effects of LQ’s coupling simultaneously to top quarks,
electrons and light quarks can be searched for in ep colliders (see also Sec-
tion 5.5). We review both directions in the following subsections. On the other
hand, LQ contributions to radiative top quark decays and single top quark pro-
duction at hadron colliders are necessarily loop suppressed and thus offer limited
sensitivity to the relevant LQ couplings. Especially since they have to compete
against sizable CKM allowed SM contributions to the two-body dominated top
quark decay width and hadronic single top production, respectively.
4.1.1. Lepton flavor violating top quark decays
The large top quark event samples produced at high energy hadron colliders
in principle allow to probe very rare top quark decay modes. The dominant tree-
level effects of LQ’s to the rare LFV top decays t→ `+i `−j uk can be summarized
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as
Γ(t→ `+i `−j uk) =
G2Fm
5
t
192pi3
∑
X,Y=L,R
[
|cXYkt;ij |2+
+
1
4
(
|gX 6=Ykt;ij |2 + |gˆXkt;ij |2 + |hˆXkt;ij |2 − 2Re{gˆXkt;ij hˆX∗kt;ij}
)]
, (83)
where we have neglected all fermionic masses except of the top quark and in-
troduced hˆXkl;ij ≡ 8hXXkl;ij and gˆXkl;ij ≡ gXXkl;ij + 4hXXkl;ij . Currently no dedicated
searches exist for such signatures, but a recent sensitivity study [242] draw-
ing comparisons with a search for related rare top quark decays t → qZ [243]
estimates the sensitivity of
B(t→ qµ±e∓) < 6.3(1.2)× 10−5 @ 95% C.L. , (84)
with 20 fb−1 of 8TeV (100 fb−1 of 13TeV) LHC data, corresponding to a final
sensitivity of 13TeV LHC run to |cXYqt;eµ|, |cXYqt;µe| < 0.06 and |hˆXqt;eµ|, |hˆXqt;µe|,
|gˆXqt;eµ|, |gˆXqt;µe| < 0.1.
4.1.2. Single top production at e p colliders
The HERA electron–proton collider at DESY had performed searches for
single top quarks in the final state. It collided protons with positrons (or elec-
trons) at a center of mass energy of 319GeV. The H1 Collaboration at HERA
actually observed a few events with energetic isolated leptons and missing en-
ergy, consistent with e±p → te± + X followed by a leptonic decay of the top
quark [244, 245]. However, this signal was not confirmed by the ZEUS experi-
ment [246], and neither Collaboration had a signal consistent with hadronic top
decays. Both Collaborations thus set bounds on σ(e±p→ e±tX). In particular
H1 obtained a somewhat weaker bound due to their observed excess
σ(e±p→ e±t+X) < 0.3 pb @95%C.L. . (85)
LQ interactions with the flavor structure(e¯`)(u¯t) and (¯`e)(u¯t) could respectively
mediate e−p → `−tX and e+p → `+tX, where ` = e, µ, τ . In particular, the
relevant e±u→ `±t partonic production cross-section can be written as
σˆ(e±u→ `±t) = (1− rt/sˆ)
2
192pisˆr2t/sˆ
∑
X,Y=R,L
[
12|cXXut;e`|2 + Re(hˆXXut;e`gˆXut;e`)
(
1− rt/sˆ
)
+
+
(
4|cX 6=Yut;e` |2 + |hˆX 6=Yut;e` |2 + |hˆXXut;e` + gˆXut;e`|2
)(
1 +
rt/sˆ
2
)]
, (86)
where rt/sˆ ≡ m2t/sˆ and sˆ is the partonic invariant mass squared. After inte-
grating over the relevant parton luminosities and accounting for experimental
efficiency and acceptance effects of the H1 analysis [244, 245], some approximate
estimates of the resulting bounds on the effective LFV four-fermion interactions
involving the top quark have been derived in [242], in particular |cXXut;eµ| . 0.22,
|cX 6=Yut;eµ | . 0.33, |hˆXYut;eµ|, |gˆXut;eµ| . 0.66.
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4.2. Leptoquarks and precision electroweak measurements
4.2.1. Atomic parity violation
Stringent constraints on LQ couplings to the first generation fermions can
be derived from atomic parity violation (APV) measurements in 133Cs (see for
example [247]). The relevant LQ contribution occurs at the tree level and can
be parameterized as
LPV = GF√
2
e¯γµγ5e (δC1uu¯γµu+ δC1dd¯γµd) , (87)
where the effective δC1u and δC1d coefficients receive the matching contribution
from a LQ propagation. A generic LQ contribution can easily be obtained by
comparing the effective Lagrangian in Eq. (87) to the one in Eq. (52),
δC1q = c
LL
qq;ee − cLRqq;ee + cRLqq;ee − cRRqq;ee , (88)
where q = u, d, and using the results of the matching calculations reported
in Table 4. The effective δC1u and δC1d coefficients modify the nuclear weak
charge as [248]
δQW (Z,N) = −2(2Z +N)δC1u − 2(Z + 2N)δC1d , (89)
where the measured value deviates from the SM expectation by 1.5σ [249]
QW −QSMW ≡ δQW = 0.65(43), (90)
which implies
|δC1u(d)| . 10−3 , (91)
assuming only one of the two contributions is present at a given moment. These
bounds can be easily translated for the specific LQ by using Eq. (88) and Table 4.
Similar bounds have been derived in Refs. [152, 250].
Before we conclude this section it is worth to point out that it is not pos-
sible to have a flat direction in δC1u − δC1d that is induced by a single LQ
representation except for R2 and V2. (See Table 4 for more details.)
4.2.2. Oblique corrections
The effects of new heavy particles, which contribute to W and Z boson self-
energies at one-loop level, can be constrained from oblique electroweak parame-
ters S and T [251] (or equivalently [252]). A recent global fit of the electroweak
precision data [253] reports
S = 0.05± 0.11 , T = 0.09± 0.13 , (92)
with the correlation coefficient of +0.90. Scalar LQ representation, with a mass
splitting in the multiplet, can induce large corrections to these parameters.
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For example, the contribution of a scalar LQ doublet representation to oblique
parameters is [254, 255]
∆S =
−Y
2pi
log
m21
m22
,
∆T =
3
16pim2Zs
2
W c
2
W
(
m21 +m
2
2 −
2m21m
2
2
m21 −m22
log
m21
m22
)
,
(93)
where Y is the weak hyper-charge, m1 and m2 are the masses of the two isospin
components, mZ is the Z boson mass and sW =
√
1− c2W ≡ sin θW is the sine of
the weak mixing angle. Defining ∆m = m2 −m1 and assuming ∆m m1,m2,
we can expand the above relations
∆S =
Y
pi
∆m
m1
+O
(
∆m2
m21
)
,
∆T =
∆m2
m2Zpi sin
2(2θW )
(
1 +O
(
∆m2
m21
))
.
(94)
In other words, the dominant constraint on the heavy LQ doublet is due to the
T parameter which depends on the mass splitting (∆m) and does not depend
on the LQ mass (m1). Using the experimental data reported above, we find a
robust limit on the mass splitting
|∆m| < 53GeV at 95%C.L. . (95)
Consider an operator of the form, L ⊃ −λS(S†H)(H†S), where S is the LQ dou-
blet representation and SU(2) contraction singlets are separated with brackets.
After electroweak symmetry breaking, the operator induces mass splitting in
the doublet, in particular, ∆m = −λSv2/(4m1) where v is the electroweak con-
densate. If no other source of mass splitting is present, the bound from Eq. (95)
translates into a bound on the above “Higgs portal” operator (λS).
4.2.3. Non-oblique corrections: Z → bb¯
LQ induced effects in precision electroweak measurements can also show up
as vertex corrections to V f¯f interactions, where V is an electroweak gauge boson
while f is a SM fermion. Along these lines, authors in Ref. [256] perform a global
fit to LEP data including oblique and vertex corrections induced by LQs. The
constraints on LQs from Z decays have also been considered in Ref. [124]. More
general study of the impact of heavy vectors and scalars on the electroweak data,
including the cases of scalar and vector LQs, has been performed in Refs. [257,
258]. Also, Refs. [259, 260] report bounds on LQ interactions from LEP-II
e+e− → ff¯ cross section and distribution measurements.
To illustrate the size of the effect, we consider the impact of the scalar LQ
representation R2 ≡ (3,2, 7/6) on Zb¯b effective coupling discussed in Ref. [137],
updating the numerical analysis. We adopt the following parametrization of the
effective interaction
LZbb¯ =
g2
cW
Zµb¯γµ
[
(gbL + δg
b
L)PL + (g
b
R + δg
b
R)PR
]
b , (96)
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where SU(2) coupling is denoted by g2, cW is the cosine of the weak mixing
angle and PL,R = (1± γ5)/2 are the chiral projectors. In the SM at tree-level,
the couplings are gb0L = −1/2+s2W /3 and gb0R = s2W /3. Going beyond tree-level,
the higher-order electroweak corrections get the largest contribution from top
quark in the loop.
As far as R2 representation is concerned, the R
2/3
2 component couples to
b-τ pair proportionally to yLR2 33, see Eq. (4). This contributes to the Z → bb¯
amplitude at the one-loop level (order |yLR2 33|2) and thus allows one to constrain
it directly. The LQ correction to the left-handed coupling is
δgbL(y
LR
2 33) =
|yLR2 33|2
384pi2
[
g0(x) + s
2
W g2(x)
]
, (97)
where x = m2R2/m
2
Z , and we take mZ = 91.2GeV and s
2
W = 0.231. The
asymptotic expansion of functions g0(x) and g2(x) at large x is
g0(x) ' − 2
3x
,
g2(x) ' 8
x
(log x+ 2/9 + ipi) ,
while their full expressions can be found in Ref. [137].
On the other hand, the LEP experiment measured precisely the decay modes
of Z bosons to ff¯ pairs. A recent global fit to electroweak data [261], finds the
coupling shifts to be
δgbL = (0.0016± 0.0015) , δgbR = (0.019± 0.007) , (98)
with the correlation coefficient ρ = 0.82 [261]. A slight tension with respect to
the SM prediction (above 2σ significance) is observed. Although δgbL develops
an imaginary part due to on-shell τ leptons, the constraint from the electroweak
fit in Eq. (98) is sensitive to the interference term between the approximately
real gbL and complex δg
b
L(y
LR
2 33), and therefore only the real part of δgbL(y
LR
2 33)
enters the prediction. This implies a very weak constraint on the LQ coupling,
for example, mR2 = 500GeV gives |yLR2 33| . 10.
4.3. Leptoquarks and Higgs physics
Scalar LQs with masses around electroweak scale and tree level couplings to
the Higgs boson (S†i Sih), can significantly modify the Higgs boson production
and decay processes that are induced at one-loop level in the SM. Examples of
such are the dominant single and double Higgs boson production mechanisms,
gg → h and gg → hh, as well as experimentally interesting Higgs decays, h→ γγ
and h → Zγ. In these processes, loop diagrams with sufficiently light LQs can
easily compete with the SM contributions and lead to O(1) effect in physical
observables such as the total cross sections and partial decay widths.
Assuming the different weak components (Si) to be degenerate, as expected
from the electroweak precision constraints, the contribution of a single colored
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scalar representation (S) to loop induced processes can be parameterized in
terms of the relevant coupling and mass. The Higgs portal interaction is
L 3 −λS(S†iaSia)(H†jHj) = −λSv S†iaSiah+ . . . , (99)
where the sum over weak (i, j) and color (a) indices is shown explicitly. In other
words, the effects of such interactions are described in terms of two parameters
only. These are the coupling constant λS and the common mass of the weak
components mLQ. The electroweak condensate is v = 246.22GeV.
4.3.1. Loop-induced Higgs processes
Single LQ representation S interacting with the Higgs through Eq. (99),
modifies the partial decay width for h→ γγ as [262, 263, 264, 265, 266, 113, 267]
Γh→γγ =
GFα
2
emm
3
h
128
√
2pi3
∣∣∣∣∣A1(xW ) + 43A1/2(xt) +∑
i
λS
2
v2
m2LQ
d(rS)Q
2
SiA0(xs)
∣∣∣∣∣
2
,
(100)
where the sum is taken over all weak components of the SU(2) multiplet and
d(rS) and QSi are the dimension of the color representation of S, and the electric
charges of the weak Si components, respectively. Also, GF is the Fermi coupling
constant, mh is the mass of the Higgs boson, αem = e2/(4pi) is the fine structure
constant and xi = m2h/(4m
2
i ) for i = W, t, s. The relevant one-loop functions
are given by
A1(x) = −
(
2x2 + 3x+ 3(2x− 1)f(x))x−2, (101)
A1/2(x) = 2 (x+ (x− 1)f(x))x−2, (102)
A0(x) = − (x− f(x))x−2, (103)
f(x) =
{
arcsin2
√
x x ≤ 1
− 14
(
log 1+
√
1−x−1
1−√1−x−1 − ipi
)2
x > 1
. (104)
The first two terms in Eq. (100) are the SM contribution from the W boson
loop interfering destructively with the subdominant top quark loop. The nu-
merical values of the relevant SM loop functions evaluated for mh = 125GeV,
are A1(xW ) = −8.3, A1/2(xt) = 1.4. On the other hand, the new physics loop
function in the limit of heavy LQ is A0(xs → 0) → 1/3. This limit is a good
approximation for the interesting LQ mass range. For instance, mLQ = 200GeV
implies A0(xs) = 0.35. To sum up, the modified h → γγ partial decay width
normalized to the SM prediction is given by
Γh→γγ
ΓSMh→γγ
= |κγ |2, where κγ = 1− 0.026 λS v
2
m2LQ
d(rS)
∑
i
Q2Si , (105)
where the κγ parameter can be extracted from fits to LHC Higgs data.
Similarly, the gluon-gluon fusion production of the Higgs boson is affected
by the presence of LQ representation S with interactions given by Eq. (99).
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SU(3)× SU(2)× U(1) SYMBOL λS(v/mLQ)2
(3,3, 1/3) S3 0.02± 0.25
(3,2, 7/6) R2 −0.06± 0.31
(3,2, 1/6) R˜2 0.11± 0.38
(3,1, 4/3) S˜1 −0.14± 0.58
(3,1, 1/3) S1 0.25± 0.74
(3,1,−2/3) S¯1 0.16± 0.78
Table 7: The limits on the “Higgs portal” interactions (λSv2/m2LQ combination) from the
latest available LHC Higgs data for several LQ representations.
The parton level leading order gg → h cross section at partonic center of mass
energy (
√
sˆ) is [262, 264]
σˆgg→h = σ0m2hδ(sˆ−m2h), (106)
where
σ0 =
Gµα
2
3
128
√
2pi
∣∣∣∣∣12A1/2(xt) +∑
i
λS
2
v2
m2LQ
C(rS)A0(xs)
∣∣∣∣∣
2
. (107)
Here, α3 is the strong coupling constant and C(rS) is the index of color repre-
sentation of S which for the color triplet reads C(3) = 1/2. The first term rep-
resents the dominant SM contribution from the top quark loop. Total hadronic
cross section (σggF ) is obtained from the partonic one (σˆgg→h) after appropriate
convolution with the partonic distributions functions. That is, the total modi-
fied gluon-gluon fusion production cross section normalized to the SM prediction
is
σggF
σSMggF
= |κg|2, where κg = 1 + 0.24 λS v
2
m2LQ
NSiC(rS) , (108)
and NSi is the number of Si components in the weak multiplet S. As pointed
out before, we consider heavy enough LQ such that the loop function A0 is in
the decoupling limit, A0(xs → 0)→ 1/3. In general, the gluon-gluon fusion pro-
duction receives large corrections from higher order QCD effects [268], however,
the ratio in Eq. (108) is found to be less sensitive [267].
As a final remark, combining Eq. (105) with Eq. (108) we find
κg = 1− 9.4(κγ − 1) NSiC(rS)
d(rS)
∑
i
Q2Si
, (109)
showing explicitly the correlation in the two observables induced by a single LQ
representation. Interestingly, the correlation depends on the quantum numbers
of the representation only. The correlated effects are expected to take place
in other relevant loop induced Higgs processes, such as h → Zγ and gg →
hh. In principle, the global approach to Higgs measurements should allow for
disentangling among different representation hypotheses.
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4.3.2. The Higgs fit
The combination of Higgs coupling measurements performed by ATLAS
and CMS experiments is reported in Refs. [269, 270]. Among other analy-
ses, the Collaborations perform a fit assuming that there is no large mod-
ification of the tree level Higgs couplings and that the new physics gives a
non-standard contribution to the loop-induced hgg and hγγ couplings. The
Collaborations report the combined best fit, 68%, and 95% C.L. intervals in
(κγ ≡
√
Γh→γγ/ΓSMh→γγ , κg ≡
√
Γh→gg/ΓSMh→gg) plane. Digitizing the plot and
parametrizing the likelihood with the Gaussian form we find
κγ = 1.045± 0.090 , κg = 1.017± 0.094 , (110)
with the correlation coefficient ρ = −0.35.
Referring to the discussion from the previous section, the dominant impact
of LQs on Higgs data is expected to be the modification of the loop-induced
Higgs couplings. Thus, the results of the fit reported above can be used to
constrain the size of LQ interactions to the Higgs boson via the Higgs portal
operator. In Table 7 we show the preferred range for λS(v/mLQ)2 for all scalar
LQ representations.
Furthermore, a single LQ representation induces a correlation among κγ and
κg parameters. The correlation curves in (κγ , κg) plane are shown in Fig. 11 for
several LQ representations. The constraints from the LHC reported in Eq. (110),
are shown in green and yellow for 68% and 95% C.L.s regions.
Let us summarize the results of the fit. In particular, the decoupling limit
to the SM (λS → 0 and (or) mLQ → ∞) is compatible with the current Higgs
data. Assuming λS ∼ 1, masses around electroweak condensate scale are being
probed. The constraints are mainly driven by the measurements of the gluon-
gluon fusion production. The approximate relation derived from Eq. (108),
δκg = 0.24NSiC(rS) δ
(
λS
v2
m2LQ
)
, (111)
allows us to estimate the expected precision achievable in future. In partic-
ular, the projections for Higgs couplings determinations at HL-LHC with full
statistics of 3000 fb−1 of data are computed in [271, 272]. The precision on κg
and κγ is expected to be 3–5% and 2–5% per-experiment, respectively. The
two numbers in the estimates are given for two different assumptions on the
theoretical uncertainty, namely, if it stays the same or is reduced by half. To
conclude, compared to the present precision on λS v
2
m2LQ
, the situation is expected
to improve by a factor of 4.4–2.7 at the HL-LHC.
4.3.3. Predictions for h→ Zγ
Higgs decay to Z and γ is generated at one-loop level in the SM. Being ex-
tremely suppressed, this decay has not yet been observed by the experimental
collaborations. The present limits from ATLAS [273] and CMS [274] experi-
ments are |κZγ | < 3.3 and |κZγ | < 3.1 at 95% C.L., respectively. However,
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Figure 11: The preferred region from the fit to the latest LHC Higgs signal strength mea-
surements at 68% and 95% C.L. in (κγ ≡
√
Γh→γγ/ΓSMh→γγ , κg ≡
√
Γh→gg/ΓSMh→gg) plane is
shown in green and yellow, respectively. The correlations induced by single LQ representations
are shown in various curves.
once it is measured, it will constitute a complementary probe of new physics
compared to h→ γγ. The partial decay width for h→ Zγ in the presence of a
scalar LQ representation S is given by [263]
Γh→Zγ =
G2Fm
2
Wαem
64pi4
m3h
(
1− m
2
Z
m2h
)3
×
|cos θWC1(x−1W , yW ) +
2(1− (8/3) sin2 θW )
cos θW
C1/2(x−1t , yt)
+
sin θW
2
∑
i
λSv
2
m2LQ
gZSiSd(rS)QSiC0(x−1s , ys)|2,
(112)
where yi ≡ 4m2i /m2Z and the coupling of S to Z boson is given in units of e > 0,
that is gZsSiSi = 2(I3Si −QSi sin2 θW )/sin 2θW where θW is the weak mixing
angle. Also, I3Si represents the value of the weak isospin of Si and in Eq. (112)
we sum over all i within the given weak multiplet S. The relevant one-loop
functions are given by:
C0(x, y) =I1(x, y),
C1(x, y) =4(3− tan2 θW )I2(x, y)
+
(
(1 + 2x−1) tan2 θW − (5 + 2x−1)
)
I1(x, y),
C1/2(x, y) =I1(x, y)− I2(x, y),
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where
I1(x, y) =
xy
2(x− y) +
x2y2
2(x− y)2
(
f(x−1)− f(y−1))
+
x2y
(x− y)2
(
g(x−1)− g(y−1)) ,
I2(x, y) =− xy
2(x− y)
(
f(x−1)− f(y−1)) ,
g(x) =
√
x−1 − 1 arcsin√x, x ≥ 1.
The SM loop functions induced by the W boson and top quark are 5.8 and
−0.3, respectively. Using the above relations, we find the deviations in h→ Zγ
partial decay width, normalized to the SM prediction, to be
Γh→Zγ
ΓSMh→Zγ
= |κZγ |2, where κZγ = 1 + 0.018λS v
2
m2LQ
d(rs)
∑
i
QSi(I
3
Si − 0.23QSi).
(113)
The correlation in h→ Zγ and h→ γγ due to single LQ representation is given
by
κZγ = 1− 0.69(κγ − 1)
∑
i
QSi(I
3
Si
− 0.23QSi)∑
i
Q2Si
. (114)
This relation can, in principle, be used to discriminate among different repre-
sentation hypotheses.
4.3.4. Flavor violating Higgs boson decays
Flavor violating (FV) Higgs interactions are negligible in the SM. Finding
these at the LHC would be an indisputable evidence of the physics beyond the
SM. Particular attention is given to t → hq, with q = u, c and h → τ`, with
` = e, µ. The reason is that the signal rates expected from new physics can
easily be within the reach of the LHC and yet in agreement with the low-energy
data. See, for example, Refs. [275, 276, 277, 278, 279, 280, 281, 282].
Interestingly enough, the CMS Collaboration has recently reported 2.4σ
excess in the search for h → τµ [283]. The best fit for the branching ratio of
h → τµ (more precisely, h → τ−µ+ + τ+µ−), assuming SM Higgs production,
is found to be
B(h→ τµ) = (0.84+0.39−0.37)% . (115)
A scalar LQ can, in principle, induce h → τµ decay via quark–LQ penguin
diagrams [209, 284]. The helicity flip is required on one of the fermion lines in
these diagrams, thus, only LQs that couple to top quark and charged leptons
are suitable candidates to accommodate the excess. Furthermore, both left and
right chiralities of leptons and top quark are required to couple to the LQ. The
relevant diagrams are shown in Fig. 12. These involve the contribution from the
top-LQ coupling, as well as, the “Higgs portal” operator (see Eq. (99)).
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Figure 12: Feynman diagrams for LQ contribution to h→ τµ [209].
Let us discuss the impact of the particular LQ representation S1 = (3,1, 1/3).
The interactions of S1 with the SM fermions are given in Eq. (8). The relevant
interactions for this purpose, after expanding the SU(2) indices, are
LS1 ⊃ yLij u¯iLeC jL S∗1 + yRij u¯iReC jR S∗1 + h.c. , (116)
where yL∗ ≡ V T yLL1 and yR∗ ≡ yRR1 from Eq. (8). All fields in the above La-
grangian (up quarks, charged leptons and LQ) are specified in the mass eigen-
state basis. Finally, the effective h–τ–µ couplings at one-loop are obtained by
an explicit computation of the diagrams shown in Fig. 12 (see Ref. [209])
yτµ (µτ) = − Nc
16pi2
mt
v
g1(λ,mS1) y
R
tµy
L∗
tτ
(
yRtτy
L∗
tµ
)
, (117)
where Nc = 3 is the number of colors and λ is the Higgs portal coupling. The
relevant loop function is
g1(λ,mS1) = (m
2
S1 +m
2
t )C0(0, 0,m
2
h,m
2
t ,m
2
S1 ,m
2
t ) +B0(m
2
h,m
2
t ,m
2
t )
−B0(0,m2t ,m2S1) + λv2C0(0, 0,m2h,m2S1 ,m2t ,m2S1) ,
(118)
where B0 and C0 are the well-known Passarino–Veltman functions. Finally, the
h→ τµ partial decay width is given by
Γ(h→ τµ) = 9mhm
2
t
213pi5v2
(∣∣yLtµyRtτ ∣∣2 + ∣∣yLtτyRtµ∣∣2) |g1(λ,mS1)|2 . (119)
Shown in Fig. 13 (left panel) is the expected Higgs branching ratio to τµ final
state, B(h → τµ), as a function of the LQ–fermion couplings assuming the
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Figure 13: Higgs branching ratio to τµ final state in the presence of the scalar LQs (left panel).
The corresponding τ → µγ constraints (right panel). See Ref. [209] for details.
total Higgs decay width to be SM-like. The mass of S1 LQ is set to 650GeV,
consistent with current direct search limits at the LHC [285, 286] and the Higgs
portal coupling is turned off. The CMS measurement is shown in the same plot.
Conclusively, to fit the CMS excess, the relevant LQ couplings are required to
be O(1). On the other hand, the same state also contributes to the τ → µγ with
the same coupling combinations present in h → τµ. Referring to Section 3.4.1
for an extended discussion of the effect, we find
B(τ → µγ) = αemm
3
τ
212pi4Γτ
m2t
m4S1
h1(xt)
2
(∣∣yLtµyRtτ ∣∣2 + ∣∣yLtτyRtµ∣∣2) . (120)
where
h1(x) =
7− 8x+ x2 + (4 + 2x) lnx
(1− x)3 , (121)
with xt = m2t/m2S1 .
Shown in Fig. 13 (right) is B(τ → µγ) as a function of LQ–fermion couplings
again for mS1 = 650 GeV. The parameter space colored in gray is excluded
by experiment. To sum up, a single LQ representation cannot simultaneously
explain the CMS h → τµ excess while still remaining in agreement with low-
energy data from LFV τ decays. (For a possibility to address the h → τ∓µ±
excess with two LQs — S1 and R2 — while avoiding the τ → µγ constraint
through cancellation of relevant contributions see Ref. [287].)
It is illustrative to study the impact of a non-zero Higgs portal coupling in
the model with S1 LQ representation. Again we take mS1 = 650GeV for the
numerical benchmark. The loop function dependence on the portal coupling in
the numerical form is given by
g1(λ,mS1 = 650 GeV) = −(0.26 + 0.12λ) . (122)
In principle, a positive large λ could reduce the required size of the LQ-fermion
couplings and yield sizable h → τµ rates while keeping τ → µγ under control.
This, however, turns out to be disfavored by the Higgs data. As discussed
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before, the Higgs portal coupling is constrained from the global fit to Higgs
data mainly due to its contributions to h→ γγ and to gluon-gluon fusion Higgs
production. We can directly use the limit derived in Table 7 which translates
into g1(λ,mS1) = 0.6 ± 0.9. This, in turn, is not enough to make
∣∣yLtµyRtτ ∣∣2 +∣∣yLtτyRtµ∣∣2 below τ → µγ constraints and yet keep h→ τµ at the observed level.
Let us conclude this section with an explicit example of a phenomenological
viable model in which τ → µγ is fine-tuned to zero, while accommodating the
h → τµ excess. Following Ref. [209], extra scalar LQ S1 = (3,1, 1/3) and a
vector-like top quark partner T ′L, T
′
R = (3,1,2/3) are added to the SM. The
top partner mixes with the SM top quark. After rotating to the mass basis,
τ → µγ decay amplitude will receive two competing contributions from both, t
and T , at one loop level. This scenario requires large amount of fine-tuning in
τ → µγ, while keeping h→ τµ at the observed level.
4.4. Diphoton decays of heavy scalars in presence of leptoquarks
After analyzing the first data sets from 13TeV proton–proton collisions at the
LHC, both ATLAS and CMS Collaborations have reported a tantalizing excess
in the diphoton invariant mass spectrum around mS ∼ 750GeV [288, 289, 290,
291, 292]. Interpreting the excess in terms of a promptly produced s-channel
resonance (S), the significance of the observed excess and the corresponding
signal cross-section depend somewhat on the assumed width (ΓS) and spin of
the resonance. Even more importantly, the absence of significant deviations in
this invariant mass region in 8TeV di-photon analyses singles out gluon fusion
and/or heavy quark annihilation as the dominant production mechanisms, since
these are expected to be sufficiently enhanced at higher collision energies [293].
For a narrow scalar (or pseudoscalar) resonance, produced dominantly via
gluon-gluon fusion, the combined fit to 8TeV and 13TeV results yields a signal
strength at 13TeV of [294]
µ13 TeV = (3.2± 0.7) fb , (123)
and roughly twice this value in the case of a wide resonance with ΓS/mS ∼ 0.06
as preferred by the ATLAS results [288].
The situation prompts a brief discussion on possible LQ effects in radiative
decays of heavy color and EM neutral scalar resonances. Focusing for concrete-
ness on the observed excess, such a resonance should couple to photon and gluon
field strengths, Fµν and GAµν , A = 1, . . . , 8, via effective interactions [295, 293],
Leff ⊃ cG α3
12pimS
S GAµνG
A,µν + cγγ
αem
4pimS
SFµνF
µν . (124)
Following analogous discussions for the Higgs boson, the relevant effective in-
teractions can be generated at one-loop level by new heavy colored and charged
particles with the renormalizable couplings to the resonance. Vector LQs that
appear in the solutions of B physics anomalies [296] or diboson excess [297] have
been advocated to provide enough contribution to fit the signal. Scalar LQs,
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on the other hand, have been suggested for the similar purpose in Refs. [298,
299, 300, 301]. The self-consistency analysis of two particular scalar LQ scenar-
ios has been subsequently presented in Ref. [302]. The scenarios under scrutiny
comprise a model with a single LQ [298] and a model with two LQs [299]. Dipho-
ton excess and B physics anomalies as unavoidable manifestations of the new
strongly interacting sector with vector-like confinement, have been discussed in
Ref. [303]. The main contribution is due to the lowest-lying resonances spec-
trum, pseudo Nambu-Goldstone bosons and vectors, which necessarily contain
scalar and vector LQs, respectively.
5. Collider Searches
The most direct way to probe for LQs is to produce them at colliders and to
investigate their subsequent decay patterns, i.e., decay channels and associated
branching fractions. LQs have accordingly been searched for and studied in
the context of e+e−, ep, pp¯ and pp colliders. We opt to present these studies
in this particular order concentrating especially on the LHC case. The eγ and
γp collider signatures will also be discussed for completeness. However, before
we turn our attention towards issues that depend on intricacies of particular
production mechanisms we address the question of LQ decay that is common
for all colliders.
5.1. Leptoquark decays
Once produced LQs should decay. The most general expression for the width
ΓS of the two-body decay of a scalar leptoquark S of mass mLQ into a quark q
of mass mq and a lepton l of mass ml is
ΓS = |y|2
√
m4LQ +m
4
l +m
4
q − 2m2LQm2l − 2m2LQm2q − 2m2qm2l
16pim3LQ
(m2LQ−m2l −m2q),
(125)
where y denotes particular Yukawa coupling of the scalar LQ to a given quark–
lepton pair in the mass-eigenstate basis in accordance with our notation in
Section 1. (Recall, our normalization is such that L ⊃ y q¯ ` S.) The two-body
decay width ΓV of a vector leptoquark V is ΓV = (2/3)ΓS .
If we neglect lepton and quark masses altogether the partial decay width for
scalar (vector) LQ simplifies to
ΓS =
|y|2
16pi
mLQ
(
ΓV =
|x|2
24pi
mLQ
)
, (126)
where x denotes particular coupling strength of the vector LQ interaction with
a given quark–lepton pair.
Total decay width is simply the sum of all partial widths. The decay length
is thus inversely proportional to both the sum of squares of relevant couplings
and the LQ mass. This usually results in the following implicit assumption
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when it comes to LQ decays at colliders. Namely, the coupling(s) y (x) are
taken to be sufficiently large to insure prompt decay of a given scalar (vector)
LQ in the detector. One can estimate that this puts a lower bound of about
|y| ∼ |x| ≥ 10−7 for mLQ = 500GeV. This, again, is an underlying assumption
of all LQ searches to date.
One also expects the strength of the couplings of leptoquarks to the SM
fermions to be bounded from above purely on theoretical grounds. Namely,
a requirement that a self-consistent theory be perturbative places an upper
bound on Yukawa (gauge) couplings that is of the order of 4pi (
√
4pi). The
perturbativity bound is clearly not very stringent, especially when compared
with existing bounds from flavor physics, and we do not refer to it in the rest
of the discussion.
Let us now mention one model building issue that is related to LQ decay.
This concerns all those LQs that couple to a quark multiplet and/or a lepton
multiplet that transforms non-trivially under SU(2) factor of the SM gauge
group. Let us assume, for example, that LQ R2 has only one Yukawa coupling
different from zero. (Recall, R2 is an SU(2) doublet. It thus needs to couple to
another doublet to yield a gauge singlet. See, for example, Eqs. (3) and (4).) Let
that coupling be yRL2 11 = y, i.e., yRL2 ij = δ1iδ1jy and yLR2 ij = 0 for i, j = 1, 2, 3, in
order to have R5/32 to be purely of the first generation kind. The decay width of
R
5/3
2 is then Γ(R
5/3
2 ) = (|y|2mLQ)/(16pi), whereas the other charged component
of R2, i.e., R
2/3
2 , has Γ(R
2/3
2 ) =
(|y|2mLQ∑i |U |21i) /(16pi) = Γ(R5/32 ). We see
that this simple ansatz predicts, through unitarity of PMNS matrix, equal decay
widths for both R5/32 → eu and R2/32 → νu channels, where u is an up quark.
It is often assumed that LQ under investigation has two distinct types of
decay channels. One possible signature corresponds to the LQ decay into a
charged lepton of particular flavor (l) and a jet (j) and the other signature is
due to the LQ decay into a neutrino (ν) and a jet. It is furthermore customary
to denote corresponding branching ratios as β and (1−β), respectively. This as-
sumption needs to be handled with care. For example, S1/33 can simultaneously
couple to lj and νj pairs. (See Eq. (2).) However, these two sets of couplings
are related via CKM and PMNS mixing matrices. In other words, β is fixed for
a given Yukawa coupling ansatz. The same is true for S1, U
2/3
3 , and U1 LQs.
Experimental observation of the branching fractions of the LQ decays into these
final states might thus allow for determination of flavor mixing parameters at
low energies in a similar manner to what was initially proposed for B and L
violating LQ decays in proton decay experiments [36].
LQs that can have both lj and νj decay signatures but with couplings that
are not correlated through the known mixing parameters are R˜2/32 , R˜
−1/3
2 , R
2/3
2 ,
V
1/3
2 , and V
−2/3
2 , where we consider only those cases when ν corresponds to
neutrinos of left-chirality.
Note that it is entirely possible to have LQs produced in ultrahigh-energy
neutrino interactions. These LQs could then be accessible to neutrino telescopes.
This idea has been investigated in several works [304, 305, 306, 307, 308]. For
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Figure 14: Diagrams for a single LQ production at eγ collider. y represents relevant Yukawa
coupling.
example, an analysis of the possibility to probe parameter space of second and
third generation LQs at the IceCube experiment [97] has been put forth in
Ref. [308]. We will not comment further on this possibility but turn to discuss
topics that are related to the collider specific physics instead.
5.2. eγ collider signatures
Production of LQs has been discussed within the context of eγ machines [309,
310, 311, 312, 313, 314, 315, 316, 317, 318, 319, 320]. For example, the possibility
to have single production of vector LQs through the process γe− → LQq was
investigated in Ref. [311] for the case of LQ of electric charge |Q| = 2/3. This
LQ needs to couple to an electron in order to be produced and accordingly
couples to the down-type quarks d, s, and b.
The possibility for the detection of scalar LQs at eγ colliders through the
single production mechanism has been presented in Ref. [312]. The authors of
Ref. [312] have shown that the detection of real LQs would be possible even
for the case when the LQ masses are as high as the center-of-mass energy of
the collider and Yukawa couplings are as small as 10−5. This has been done
considering two particular values —
√
s = 500GeV and
√
s = 1TeV — for
the center-of-mass energy. For relevant differential cross-section for the real
scalar LQ production as a function of the LQ electric charge see Eq. (2) of
Ref. [312]. We reproduce in Fig. 14 diagrams for single LQ production at eγ
machine considered in Ref. [312], where the final state is q (q¯) for the LQ with
F = 0 (F = −2).
There has been one experimental search at LEP e+e− collider that was
performed with the OPAL detector for first generation scalar and vector LQs
that relied on the process eq → LQ → eq(νq), where the quark in the initial
73
state originated from a photon that in turn originated from the beam electron.
The search was performed at the center-of-mass energy
√
see of 189GeV with
the 160 pb−1 of data collected [321]. Under the assumption that the coupling of
the LQ is larger than
√
4piαem the OPAL Collaboration established lower limits
on the LQ mass that ranged from 121GeV to 175GeV (149GeV to 188GeV) as
a function of the branching ratio β of the scalar (vector) LQ state.
5.3. γp collider signatures
The leptoquark production has been studied within the context of γp col-
liders [322, 323, 324, 325]. For example, pair (single) production of scalar lep-
toquarks in the collisions of photons and proton beams has been investigated
in Ref. [322] (Ref. [323]). The production of both scalar and vector LQs in the
same environment has been pursued in Ref. [324]. Also, the possibility to test
R-parity violation at TeV scale γp colliders has been investigated in Ref. [325].
5.4. e+e− collider signatures
Production of scalar and vector LQs through e+e− annihilation has a long
history [326, 327, 328, 309, 329, 330, 331, 311, 17, 332, 333, 318, 334]. Rele-
vant diagrams for a pair production of scalar LQs are shown in the top row of
Fig. 15. The pair production is driven by the LQ couplings to electroweak gauge
bosons (γ and Z) as well as Yukawa couplings of LQ to matter. The underlying
assumption that a leptoquark couples to an electron is a necessity for the latter
production scenario. Note that the term “electron” is used generically to refer
to both electrons and positrons, if not otherwise stated.
To obtain Feynman diagrams relevant for a pair production of vector LQs
through e+e− annihilation one needs to replace scalar LQs with vector LQs and
Yukawa couplings y with couplings x in Fig. 15.
The most general expressions for the pair production cross sections and dif-
ferential distributions for both scalar and vector LQs can be found in Ref. [17]
under the assumption that the LQ couplings are family diagonal. (See also
Refs. [329, 330].) The contribution that corresponds to photon exchange was
derived in Ref. [335]. One possible effect of the LQ exchange in e+e− annihila-
tion is on the production of quark-antiquark pairs. This effect has been studied
in Ref. [336]. LQs can also be produced singly at e+e− colliders. For the studies
that investigate this particular possibility see, for example, Refs. [314, 337].
The possibility to test the LQ Yukawa couplings to fermion fields in the
context of an e−e− mode of a linear collider through production of non-conjugate
LQ pairs has been investigated in Ref. [338]. For typical Feynman diagrams for
production of the non-conjugate leptoquark pairs in e−e− collisions see, for
example, Fig. 1 of Ref. [338].
Leptoquarks can contribute towards the process e+e− → qq¯ through a t-
channel exchange. See, for example, Fig. 1 of Ref. [339] for the relevant Feynman
diagram. It is thus possible to use this process, i.e., the associated overall
rate and the angular distribution, to look for the LQ presence indirectly. This
possibility has been studied within a context of the e+e− and µ+µ− machines
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Figure 15: Feynman diagrams relevant for a pair production (top row) and a single production
(bottom row) of scalar LQs through e+e− annihilation. Here, yi1, i = 1, 2, 3, represents
appropriate Yukawa coupling of a quark (qi) and an electron with an LQ.
in Ref. [339]. The authors of Refs. [339, 340] also investigated a possibility to
use polarized beams to probe the chiral nature of the LQ couplings.
5.4.1. Searches at e+e− colliders
First experimental results on the LQ production at e+e− colliders have been
generated at the storage ring PETRA (Positron-Elektron-Tandem-Ring-Anlage)
with CELLO [341] and JADE [342] detectors. For example, the CELLO Collab-
oration performed a search for light LQs decaying into either a muon or a neu-
trino and a quark. The lack of evidence for pair production of LQs allowed the
CELLO Collaboration to exclude the LQ masses between 7 and 20.5GeV [341].
These results have been followed with the searches for LQs in e+e− annihilations
at TRISTAN [343] (The Transposable Ring Intersecting Storage Accelerator in
Nippon) using the AMY detector. The center-of-mass energies that were used
to collect data at TRISTAN varied from 50GeV to 60.8GeV. These should be
compared with the center-of-mass energies at PETRA that were around 35GeV.
LQs have been subsequently searched for at the LEP e+e− collider by the
ALEPH [344], DELPHI [345, 346, 347], L3 [348, 349], and OPAL [350, 351, 352]
Collaborations.
The LEP limits on the LQ parameter space were primarily generated by con-
sidered LQ pair production. For example, a search performed by OPAL detector
for pair-produced LQs at center-of-mass energies between 189 and 209GeV and
with the total integrated luminosity of 596 pb−1, yielded robust limits on scalar
and vector LQs with mLQ . 100GeV, depending on the specific LQ representa-
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Figure 16: Feynman diagrams relevant for the (3B + L) = 0 scalar LQ searches at ep
colliders. An s-channel resonant production diagram is shown in the left panel and a u-channel
LQ exchange diagram is presented in the right panel. Here, yij , i, j = 1, 2, 3, represents
appropriate quark–lepton–LQ Yukawa coupling.
tion. (For details see Table 12 of Ref. [353].) DELPHI, however, did considered
single LQ production. The representative diagram for this process is shown in
the bottom row of Fig. 15. For example, the DELPHI detector was used to look
for events with one jet and at most one isolated lepton using the LEP-2 data
corresponding to an integrated luminosity of 47.7pb−1. The data were collected
at a center-of-mass energy of 183GeV. The analysis produced the set of upper
limits on Yukawa couplings of scalar and vector LQs as a function ofmLQ. These
were presented in Fig. 4 of Ref. [347]. Also, the lower limits were placed on the
mass of a first generation LQs for a coupling parameter y =
√
4piαem assuming
branching ratios to charged leptons and quarks to be 1 and 0.5. These limits are
presented in Table 2 of Ref. [347]. The most stringent limit on mLQ of scalar
(vector) LQ at 95% confidence level was 161GeV (171GeV) for |Q| = 1/3, 5/3
and β = 1, where Q is electric charge and β branching ratio.
5.5. ep collider signatures
LQs in lepton–quark collisions have been studied extensively in the past.
See, for example, Refs. [58, 9, 354, 355, 356, 357, 358, 359, 360, 361]. Feynman
diagrams that are relevant for the search for scalar LQs at ep colliders at the
leading order are shown in Fig. 16. Scalar LQ can be produced through an
s-channel process that is shown in the left panel of Fig. 16. It can also be
exchanged in a u-channel process that is presented in the right panel of Fig. 16.
Note that the diagrams in Fig. 16 correspond to the LQ models involving either
R˜2 or R2. To switch to the diagrams relevant for the (3B + L) = −2 LQs it is
sufficient to make the following exchange: qi ↔ q¯i.
Contact interactions of the form eeqq within the context of ep collider that
are due to the LQ exchange have been studied in Refs. [362, 363, 364, 365, 366,
367, 368]. Some of these studies have also included the LEP and Tevatron data
as well as other relevant low-energy measurements to place a constraint on the
strength of these interactions. The possibility to use the effect of the virtual
leptoquark exchange on charged and neutral current processes in the context of
the ep collider to search for leptoquarks has been studied in Ref. [369].
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5.5.1. Searches at ep collider
There are numerous searches for the LQs at the HERA ep collider that were
conducted by the H1 [370, 371, 372, 373, 374, 375, 376, 377, 378, 379] and
ZEUS [380, 381, 382] Collaborations. Clearly, an LQ needs to couple to an
electron to be produced in the first place. However, the LQ decay and/or the
LQ exchange can result, in principle, in leptons of all flavors as indicated in
Fig. 16. Here we summarize existing searches that are based on e+p and e−p
scattering data at HERA.
The limits on the parameter space of first generation scalar and vector LQs
were presented in Ref. [377]. The search was performed using the e+p and e−p
data corresponding to a total integrated luminosity of 117 pb−1. The data were
collected by the H1 experiment at HERA between 1994 and 2000. The study
looked for a signal of direct or indirect LQ production in data samples with a
large transverse momentum final state electron or with large missing transverse
momentum. Due to the lack of signal LQs with masses of up to 275–325GeV
were ruled out assuming LQ couplings to matter of electromagnetic strength,
i.e., y = 0.3(≈ √4piαem).
The H1 experiment did not only look for first generation LQs but also for
events with a high transverse momentum µ or τ to cover the mixed fermion
generation scenario [374]. The analysis in question used data collected from
1994 to 1997 that amounted to an integrated luminosity of 37 pb−1. Scalar
LQs were excluded for masses up to 275GeV for a coupling of electromagnetic
strength. The study also excluded any LQ type up to 400GeV for couplings
of order one. Constraints were also set on the product of Yukawa coupling
involving µ or τ with Yukawa coupling involving the electron as a function
of the LQ mass [374]. Final results were presented in the form of tabulated
constraints — upper limits — on (yi1yjk)/m2LQ, where k = 2, 3 and i, j = 1, 2
for real couplings. (See Fig. 16 for notation.)
Another analysis of production of second and third generation LQs was also
performed by the H1 Collaboration [378]. This study excluded existence of LQs
produced in e+p and e−p collisions with a coupling strength of y = 0.3 to an
electron–quark pair and decaying with the same coupling strength to a muon–
quark or a tau–quark pair at 95% confidence level up to LQ masses of 712 and
479GeV, respectively. See Tables 1, 2, 3, and 4 of Ref. [378] for comprehensive
list of all results. For example, the ratio (y11y22)/m2LQ was constrained to
be below 0.7 in units of TeV−2 at 95%C.L. for LQ SL1/2. All other bounds
on (yi1yjk)/m2LQ were of the same order of magnitude. Here, k = 2, 3 and
i, j = 1, 2.
A search for resonances that could decay into ej and νj was performed with
the ZEUS detector at HERA operating at center-of-mass energies of 300GeV
and 318GeV [381]. The analysis that was based on an integrated e+p (e−p)
luminosity of 114.8 pb−1 (16.7 pb−1) found no evidence for such a resonance.
For example, the study excluded LQs with masses of up to 290GeV for Yukawa
coupling of 0.1 [381]. (For the search for LQs with the ZEUS detector that was
based on 26 nb−1 of integrated luminosity see analysis presented in Ref. [380].)
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The most stringent constraints on parameter space of first generation LQs
in ep collisions at HERA came from the study of full H1 data sample [379].
An integrated luminosity of 446 pb−1 was used to exclude first generation LQs
with masses up to 800GeV at 95% confidence level for LQ couplings of electro-
magnetic strength. The ZEUS detector, on the other hand, performed a search
for first generation LQs using a total of 498 pb−1 of data to set limits on the
LQ Yukawa coupling as a function of its mass. The data in question originated
from the 1994–2000 and 2003–2007 collection periods. LQs with a coupling of
electromagnetic strength were excluded for masses up to 699GeV [382].
Before we conclude discussion of experimental searches at ep colliders it is
worth mentioning that both H1 Collaboration [383] and ZEUS [384] reported in
1997 an anomalous measurement while studying ep scattering at high values of
squared four-momentum transfer denoted Q2. For example, the ZEUS detector
at HERA observed two events for Q2 > 35, 000GeV2 while 0.145± 0.013 events
were expected. The sample under consideration was based on the reaction
e+ p → e+X with a 20.1 pb−1 of data collected during the years 1994 through
1996. For Q2 below 15, 000GeV2 the observed signal at ZEUS detector was
in good agreement with the SM expectations. This anomaly has accordingly
attracted a lot of attention with one of potential physical explanations being
that of an s-channel LQ production. See, for example, Refs. [385, 386, 387, 388,
389, 336, 390, 4, 391, 359, 392, 393, 394, 395, 396, 397, 398, 399, 400, 401, 402,
403, 404, 405, 406, 254, 407, 408, 72, 409, 410, 411] for studies/reviews directly
related to or motivated by aforementioned anomaly.
5.6. pp¯ and pp collider signatures
LQs are colored fields. They could thus be copiously produced at hadron
machines. Moreover, the fact that they decay into (charged) leptons makes
the detection of their signatures feasible. We start by discussing production
mechanisms at leading order.
Feynman diagrams that depict the scalar LQ pair production at hadron
colliders at the leading order are shown in Fig. 17. The QCD diagrams that
contribute to an LQ pair production are numerous. We opt to show one rep-
resentative diagram for gluon-gluon fusion and one diagram that corresponds
to a quark-antiquark annihilation process in the upper left and right panels
of Fig. 17, respectively. There is, on the other hand, only one type of the
Yukawa coupling contribution to the LQ pair production and it corresponds to
a t-channel process shown in the lower panel of Fig. 17. The amplitude that
corresponds to a t-channel is proportional to a product of two relevant Yukawa
couplings. This makes it especially relevant in the limit of large Yukawas.
If we assume that the scalar LQ pair production is purely QCD driven and
completely neglect t-channel contribution there are only two distinct partonic
level processes that should be taken into consideration. The first corresponds
to the gluon–gluon fusion (g g → LQLQ) and the second process is due to the
quark–antiquark annihilation (qq¯ → LQLQ). Representative diagram for the
former (latter) process is shown in the upper left (right) panel of Fig. 17. The
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Figure 17: Feynman diagrams relevant for a pair production of scalar LQs at hadron colliders.
Representative diagram for a gluon–gluon fusion (quark–antiquark annihilation) process is
shown in the upper left (right) panel. The diagram in the lower panel represents a t-channel
production mechanism. Here, yij , i, j = 1, 2, 3, represents appropriate Yukawa coupling of a
quark (qi) and a lepton (lj) with an LQ.
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mLQ [GeV] σgg [pb] σqq [pb] σtot [pb]
150 0.255 0.733 0.988
175 0.073 0.311 0.384
200 0.023 0.137 0.160
250 0.003 0.029 0.031
300 0.000 0.006 0.006
Table 8: Total cross section σtot at the leading order for the QCD driven LQ pair production
with a breakdown of individual contributions for
√
s = 1.8TeV center-of-mass energy at pp¯
collider.
partonic level contributions towards total cross section [412, 413, 414, 415, 416,
18] read
σˆ[gg → LQLQ] =α
2
3pi
96sˆ
[
β(41− 31β2) + (18β2 − β4 − 17) log 1 + β
1− β
]
, (127)
σˆ[qq¯ → LQLQ] =2α
2
3pi
27sˆ
β3, (128)
where α3 ≡ g23/(4pi) is strong coupling, sˆ stands for the square of invariant mass
of the relevant process, β =
√
1− 4m2LQ/sˆ, and mLQ is the LQ mass.
We show, in Table 8, total cross section for pair production of scalar LQs
using Eqs. (127) and (128) at
√
s = 1.8TeV proton–antiproton center-of-mass
energy for different LQ masses. To obtain numerical results for the case of
pp¯ collider we resort to MSTW 2008 parton distribution functions [417] at the
leading order and set α3(mZ) = 0.13939. These results are relevant for Tevatron
and can be directly compared with results presented in Table 1 of Ref. [418].
For an early study of the experimental signal of scalar leptoquarks at the pp¯
collider see Ref. [326]. Clearly, at high enough LQ masses the QCD driven total
cross section at pp¯ colliders is dominated by the quark–antiquark annihilation
processes.
The dominant contribution at pp colliders, if we assume that Yukawa cou-
plings are reasonably small, comes from the gluon–gluon fusion processes. To
quantify that we present, in Table 9, QCD driven total cross section at the
leading order for pair production of scalar LQs at
√
s = 14TeV proton–proton
center-of-mass energy for different LQ masses. Here we have in mind the
Large Hadron Collider. (For the early studies of the signal and backgrounds
that are relevant for the scalar leptoquark pair production at the LHC see
Refs. [419, 420, 421].) Values presented in the second and third column of Table 9
are obtained integrating over partonic level contributions given in Eqs. (127)
and (128), respectively. To do that we again use MSTW 2008 parton dis-
tribution functions [417] at the leading order. Note that the importance of
quark–antiquark annihilation grows with the LQ mass at pp collider. For ex-
ample, it amounts to one third (sixth) of gluon–gluon fusion contribution at
mLQ = 1.1TeV (mLQ = 700GeV). These cross sections can be compared with
the total cross sections presented in Table 1 of Ref. [422]. (Note that units of
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mLQ [TeV] σgg [pb] σqq [pb] σtot [pb]
0.4 1.4073 0.1297 1.5370
0.5 0.3904 0.0461 0.4365
0.6 0.2586 0.0187 0.1480
0.7 0.0484 0.0084 0.0568
0.8 0.0198 0.0040 0.0238
0.9 0.0087 0.0020 0.0107
1.0 0.0040 0.0010 0.0051
1.1 0.0020 0.0006 0.0025
Table 9: Total cross section σtot at the leading order for the scalar LQ pair production with
a breakdown of individual contributions for
√
s = 14TeV center-of-mass energy at pp collider.
[fb] should be replaced with [pb] in Table 1 of Ref. [422].)
The cross sections for a pair production of vector leptoquarks at hadron
machines can be found in Refs. [423, 424, 425, 18, 426]. Note that the calculation
requires certain assumptions if the underlying theory for the origin of vector
leptoquarks is not specified. For example, if these are elementary vector bosons
associated with the gauge symmetry then the relevant couplings of the pair of
vector LQs to a single gluon or a pair of gluons are completely fixed. If that is
not the case one can introduce additional parameters to describe the strength
of the relevant couplings [423, 425, 18, 426, 427, 4]. For example, it is common
to introduce a single dimensionless parameter κ that is defined through the
following interaction term
L ⊃− ig3κΦ†µGµνΦν , (129)
where Φν stands for all vector leptoquarks and Gµν represents the gluon field
strength tensor. The relevant production cross-section for a pair of vector lep-
toquarks at the LHC as a function of κ is shown in Fig. 1 of Ref. [427]. The
same reference contains the summary of search reaches for vector leptoquarks
at hadron colliders through pair production. A compilation of cross-sections for
the pair production of both scalar and vector leptoquarks at Tevatron and the
LHC can be found in Ref. [428].
If we allow for non-negligible Yukawa couplings of the LQ to u, d or s quark
the pair production is not driven solely by QCD anymore. In fact, the LQ
pair production cross section exhibits three distinct regions as a function of the
LQ Yukawa coupling(s). For small enough Yukawa couplings the production is
purely QCD driven. For intermediate values of Yukawa couplings there exists
a region where a negative interference between the QCD diagrams and the t-
channel diagram shown in Fig. 17 decreases the total cross section by up to
15% depending on the quark type (u, d, or s), mass of the LQ and strength
of the coupling. Finally, there is a region of the large Yukawa coupling, where
the t-channel contribution does not only dominate the QCD driven one but
significantly enhances the total cross section. We will discuss these features in
more detail later on when we address Yukawa dependence of the cross section
for the single LQ production.
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Figure 18: Complete set of the leading order Feynman diagrams for a single LQ production
at hadron colliders and subsequent decay with lj llqk final state. Here, yij , i, j = 1, 2, 3,
represents appropriate Yukawa coupling of a quark (qi) and a lepton (li) with LQ.
Single LQ production is very relevant at hadron colliders [10, 429, 430, 431,
389, 432, 433, 434, 435]. Moreover, the importance of a combined analysis of the
LQ single and pair production has been demonstrated in Ref. [436] (Ref. [434])
for the LHC (Tevatron) case. These works have partially motivated subsequent
study presented in Ref. [435] that produced the combined analysis of the LQ
single and pair production at the level of detector simulation for the LHC.
We show complete set of the leading order Feynman diagrams that are rel-
evant for a single LQ production/exchange and subsequent decay at hadron
colliders that yields two leptons and one jet in the final state in Fig. 18. The
diagrams shown in Fig. 18 are an s-channel diagram (upper panel), a t-channel
diagram (lower left panel), and a non-resonant diagram (lower right panel).
We use generic symbols for all the fields including the LQs. If one is inter-
ested purely in single LQ production at hadron machines one should disregard
a non-resonant diagram in Fig. 18. The parton level differential cross section
for the scalar (vector) leptoquark production through gq → LQl can be found
in Refs. [10, 429, 437, 438] (Ref. [4]).
Single LQ production is particularly important in the regime of large LQ
masses and/or large couplings. To demonstrate that we compare in what follows
the scalar LQ pair production cross section with the single production cross
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section for the case of proton–proton collisions at
√
s = 8TeV center-of-mass
energy. To that end we, for simplicity, assume that scalar LQs couple to the
SM fermions without cross-generational mixing. This ansatz would correspond
to the case when yij = yiδij , i, j = 1, 2, 3, in Figs. 17 and 18. We parametrically
write both pair and single production cross sections as
σpair(yi,mLQ) =a0(mLQ) + a2(mLQ)|yi|2 + a4(mLQ)|yi|4, (130)
σsingle(yi,mLQ) =a(mLQ)|yi|2, (131)
where coefficients a0(mLQ), a2(mLQ), a4(mLQ), and a(mLQ) depend solely on
the LQ mass. (Clearly, Eqs. (130) and (131) are useful only if yi represents
Yukawa coupling of LQ to u, d or s quark due to proton composition at partonic
level.) We can now calculate cross sections for pp → LQli, pp → LQli, and
pp → LQLQ for several mLQ choices while setting yi to one, i.e, |yi| = 1., to
find the functional dependence of a0(mLQ), a2(mLQ), a4(mLQ), and a(mLQ) by
simple interpolation. To do that we implement two LQ models introduced in
sections 1.3 and 1.4 in FeynRules (v1.6.16) [439]. In particular, we look at the
production of R5/32 assuming that only y
RL
2 11 6= 0 in Eq. (4) and the production
of R˜2/32 assuming that either y˜
RL
2 11 or y˜RL2 22 in Eq. (6) is different from zero. We
thus take R5/32 to couple only to an electron e and an up quark u. R˜
2/3
2 , on the
other hand, is assumed to couple only to a down quark d and an electron e or
a strange quark s and a muon µ.
The leading order production cross sections are calculated using MadGraph 5
(v1.5.11) [440]. We take
√
s = 8TeV for proton–proton center-of-mass en-
ergy and fix renormalization (µR) and factorization (µF ) scales to µR = µF =
mLQ/2. The final results for the yRL2 11, y˜RL2 11, and y˜RL2 22 scenarios are shown in
Fig. 19 in terms of contours of constant cross section in the (mLQ, |yi|) plane,
where |yi| = |yRL2 11|, |y˜RL2 11|, |y˜RL2 22|. The contours of constant cross section for the
single LQ production (LQ pair production) are shown in solid (dotted) lines in
Fig. 19.
The LQ pair production is QCD driven for small Yukawa couplings. This
behavior corresponds to a region where dotted lines run vertically in Fig. 19.
However, in the large coupling regime, the total cross section can be significantly
enhanced by the t-channel contribution. The LQ single production, on the other
hand, vanishes in the zero coupling limit. However, due to the final state phase
space, it drops less rapidly with larger LQ masses compared to the LQ pair
production. In other words, the contributions from the single LQ production
mechanism become increasingly important at larger LQ masses. The relative
strengths of two cross sections depend on the parton distribution functions of
the initial state partons. The largest (smallest) effect for the fixed value of
appropriate Yukawa coupling is seen in the yRL2 11 (y˜RL2 22) panels in Fig. 19. To
sum all this up, the contributions from the single LQ production mechanism
might have significant impact on the LQ phenomenology at the LHC.
There are two recasts of experimental searches by the CMS Collaboration
for pair production of LQs at the LHC [250, 441] that demonstrate the ability of
the LHC to probe flavor structure of LQ models through inclusion of the single
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Figure 19: Contours of constant leading order cross sections for single LQ production (solid
lines) and the LQ pair production (dotted lines) at
√
s = 8TeV center-of-mass energy in
proton–proton collisions in the (mLQ, |yi|) planes, where |yi| = |yRL2 11|, |y˜RL2 11|, |y˜RL2 22|. The
region shown in gray is excluded from the atomic parity violation constraints.
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LQ production. (For the early study of the discovery potential for pair produced
scalar LQs at the LHC of the CMS (ATLAS) detector see Ref. [420] (Ref. [421]).)
These recasts combine reported data on the pair production searches of LQs
with expected signals for single LQ production in order to obtain collider based
limits on relevant Yukawa couplings as a function of the LQ mass. The first
recast [250] concerns the CMS Collaboration search for the second generation
scalar LQs based on 19.6 fb−1 of data at
√
s = 8TeV proton–proton center-of-
mass energy [442]. The second recast [441] addresses the CMS search for the pair
production of the first generation scalar LQs in pp collisions at
√
s = 8TeV [443].
The recast presented in Ref. [250] allows for second generation LQ R˜2/32 to
couple purely to a strange quark and a muon via coupling y˜RL2 22 to stay within the
single generation LQ paradigm but allows for arbitrary strength of the Yukawa
coupling itself. The study disregards non-resonant diagram in Fig. 18. Also, the
analysis is based purely on the leading order calculations. The recast adopts
the same preselection and final cuts as used in Ref. [442]. The CMS analysis
uses the following three variables to optimize the signal for the first (second)
generation leptoquark search through the pair production: (i) the invariant mass
of the dielectron (dimuon) pair, (ii) the scalar sum of the transverse momenta of
the two leading pT electrons (muons) and the two leading pT jets, and (iii) the
smallest of the two electron–jet (muon–jet) invariant masses that minimizes the
LQ mass difference. The main results of the recast of the second generation LQ
search is the exclusion region in parameter space spanned by y˜RL2 22 and mLQ that
is shown in in Fig. 5 of Ref. [250]. The limit on the LQ mass is more stringent
for larger values of µ–s–LQ coupling.
One expects that the single LQ production contribution will be even more
pronounced for the first generation case due to particularities of proton com-
position whenever LQ couples to either u or d quarks. This has indeed been
confirmed by the recast [441] of the CMS search [443] for the pair production
of the first generation scalar LQs in pp collisions at
√
s = 8TeV. The authors
of Ref. [441] have produced exclusion limits on Yukawa coupling y of the first
generation LQ for two different LQ scenarios as a function of mLQ considering
possible coexistence of eejj and eνjj final states. This has been accomplished by
overlying the signal of the single LQ production and subsequent decay over the
pair production. See, for example, Fig. 3 of Ref. [441] for quantitative results.
The non-resonant contribution towards the single LQ production is always
subleading. If we accordingly neglect non-resonant contribution one of the two
leptons in the final state of the single LQ production processes would always
originate from LQ. It is expected that this lepton should be the leading one of
the two in the pT parameter space, where pT is a transverse momentum. We
accordingly present in Fig. 20 an example of pT distributions of two charged lep-
tons in the final state of the single LQ production process at the LHC. Electron
e1 originates from the production of first generation scalar LQ whereas electron
e2 comes from the actual LQ decay. Our simulation is based on mLQ = 1.5TeV
for pp collisions at 13TeV. Clearly, pT distribution of e2 that is rendered in thick
lines in Fig. 20 peaks at much higher values of transverse momentum when com-
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Figure 20: Upper panel: pT distributions of electrons in the final state of the single LQ
production process at the LHC. e2 represents electron originating from the LQ decay. The
LQ mass is taken to be mLQ = 1.5TeV. Lower panel: Pseudorapidity (η) distribution of the
first generation scalar LQ in the single LQ production process at the LHC.
pared to the e1 distribution. We also show the pseudorapidity (η) distribution
of the first generation scalar LQ in the single LQ production process at the
LHC in Fig. 20 to show that LQ should occupy region of small values of η.
Pseudorapidity η is defined as η = − ln[tan(θ/2)], where θ is the angle between
the particle momentum and the beam axis. Both panels in Fig. 20 are based on
simulation of the signal for first generation LQ that couples exclusively to a d
quark and an electron e.
The next-to-leading order QCD corrections to the LQ pair production are
shown to substantially enhance the tree level cross section for pair produc-
tion of LQs at the LHC [422]. That work has built upon previous study that
investigated pair production of scalar LQs at the Tevatron [418] at the next-
to-leading order. The main result of the analysis is the total cross section
including next-to-leading order QCD corrections and associated K-factors for
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mLQ [TeV] σNLO [fb] K-factor
0.2 7.434× 104 1.483
0.4 2.223× 103 1.586
0.6 2.220× 102 1.641
0.8 3.810× 101 1.724
1.0 8.322× 100 1.748
1.2 2.202× 100 1.807
1.4 6.505× 10−1 1.870
1.6 2.084× 10−1 1.923
1.8 7.089× 10−2 1.979
2.0 2.506× 10−2 2.047
Table 10: Total cross section σNLO and the associated K-factor at
√
s = 14TeV center-of-
mass energy at the LHC.
pp→ LQ + LQ +X at the LHC energy of √s = 14TeV. These are summarized
in Table 1 of Ref. [422]. Here, K-factor is simply defined as K = σNLO/σLO,
where σLO (σNLO) represents leading (next-to-leading) order cross section. The
K-factor was found to vary from K = 1.48 for mLQ = 200GeV to K = 2.07 for
mLQ = 2TeV [422].
Pair production of the first generation scalar LQs at the LHC to next-to-
leading order accuracy using the MC@NLO formalism (with parton shower
matching) has been investigated in Ref. [444]. The authors have evaluated pair
production cross sections and associated K-factors at center-of-mass energy of√
s = 14TeV. These can be found in Table 1 of Ref. [444] for two different sets
of parton distribution functions. One can compare these results with results
presented in Ref. [422]. We show central values of one set of cross sections and
K-factors from Ref. [444] in Table 10. These values are based on CTEQ6(M/L1)
parton distribution functions [445].
Single LQ productions and decays have also been a target of the next-to-
leading order study [446]. (See, for example, Fig. 18 for diagrams of relevant
leading order contributions and Figs. 2, 3, and 4 of Ref. [446] for representa-
tive diagrams of next-to-leading order corrections to the LQ production and
decay processes.) It has been conclusively demonstrated that the higher order
corrections are significant for production of both scalar LQ (R2) and vector
LQ (U1). These can amount to a 100% correction with regard to the leading
order result. The core process under investigation was u + g → e− + e+ + u
(d + g → e− + e+ + d) for scalar (vector) scenario. The authors of Ref. [446]
have, in particular, investigated the effectiveness of the narrow-width approxi-
mation in the context of the next-to-leading order approach. This assumption
has proved to be very reliable in the case of the scalar LQ but not so accurate
in the case of the vector LQ. The authors attributed this to the fact that one
cannot neglect the interference between the different helicity states of the inter-
mediate vector LQs. Relevant results for the leading and next-to-leading order
cross sections are summarized in Tables 1 through 7 of Ref. [446].
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Another potentially relevant analysis that can in principle be carried out at
the LHC is a search for the indirect LQ effects in the tails of the distributions,
such as, dilepton invariant mass in pp → `` [447, 448]. For initial study on
sensitivity of both e+e− colliders and hadron-hadron colliders to the indirect
effects of virtual scalar LQs see Ref. [449]. Contact interactions of the form
llqq within the context of pp and pp¯ colliders that are due to the LQ exchange
have been studied, for example, in Ref. [450]. The experimental constraints
on contact interactions from the LHC have been used to place bounds on the
strength of the leptoquark couplings to matter in Ref. [138] for three concrete
scenarios when only one leptoquark — S1, R2, or R˜2 — is present at the given
time.
For a particular study of the leptoquarks decaying to a top quark and a
charged lepton of any flavor at hadron colliders see Ref. [451]. The authors
investigated two distinct scenarios. First (second) scenario concerned the LQ
decays with the LQ mass assumed to be below (above) the top quark mass
at Tevatron (LHC). In the Tevatron case the authors produced a limit using
existing data whereas in the LHC case the analysis resulted in a sensitivity
study.
5.6.1. Searches at pp¯ colliders
First results on the LQ parameter space that were inferred from the pp¯ col-
lider data came from the CERN proton–antiproton collider SPS. In the proton–
antiproton regime the SPS collider was aptly referred to as Spp¯S. For example,
UA2 detector at the CERN Spp¯S collider was investigating pair production of
first generation LQs with their subsequent decays into a quark and either an
electron or an electron neutrino. (A possibility to study single production of
scalar LQs at Spp¯S has been investigated in Ref. [437].) The center-of-mass
collision energy was
√
s = 630GeV and the sample was based on an integrated
luminosity of 13 pb−1. The lack of signal allowed the UA2 Collaboration to
establish a lower limit on the mass of first generation LQs at 67GeV (76GeV)
at 95% C.L. assuming that the branching ratio for a scalar LQ to decay into a
quark and an electron was at 50% (100%) [452]. The LQ production and the
LQ decay analyses at UA2 were based on the leading order contributions using
results of Ref. [10]. (For the study of higher order QCD corrections that would
increase the predicted production cross section at Spp¯S see Ref. [453].)
LQs have been searched for at the Fermilab Tevatron, a pp¯ collider, by the
DØ [454, 455, 456, 457, 458, 459, 460, 461, 462, 463, 464, 465, 466, 467, 468, 469,
470, 471, 472, 473] and CDF [474, 475, 476, 477, 478, 479, 480, 481, 482, 483, 484,
485] Collaborations. DØ has published results of a search for the pair production
of first generation scalar LQs in the eejj channel using a data set amounting
to 123 pb−1 of data that were collected during the 1992–1996 time period [456].
A lower limit was consequently set on the mass of a first generation scalar LQ
of 225GeV. The underlying assumption was that the hypothetical LQ had a
100% branching fraction to eq pair. The CDF Collaboration has also presented
the results of a search for first generation scalar LQs using (110 ± 7) pb−1 of
data [477]. It excluded scalar LQs with mass less than 213GeV at 95%C.L.
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for a branching ratio into eq equal to 1. The results of the CDF and DØ
Collaborations have then been combined to yield the most stringent Tevatron
limit on the mass of first generation scalar LQ [486]. The combined lower
limit on mLQ from the two experiments is 242GeV. DØ Collaboration has also
searched for scalar LQ pair production in the euνed final state with 5.4 fb−1 of
data recorded at
√
s = 1.96TeV. The lack of a signal led to a lower limit on
mLQ of 326GeV for β = 0.5 at the 95%C.L. [473].
DØ has also reported results of a search for pair production of second gen-
eration scalar LQs that was based on a data set produced in pp¯ collisions at
the center-of-mass energy of 1.96TeV amounting to 1.0 fb−1 of integrated lu-
minosity [470]. It was assumed that the LQ in question could decay to both
µq and νq pairs. Since DØ did not notice any excess over the SM prediction
the Collaboration has set lower limits on the LQ mass of 316GeV (270GeV) for
β = 1 (0.5).
Finally, DØ has also investigated pair production of third generation LQs
that decay exclusively to a τ neutrino and a b quark using the 5.2 fb−1 data
set [472]. Lack of any excess allowed the Collaboration to set a lower limit on
the LQ mass of 247GeV at 95%C.L.
5.6.2. Searches at pp collider
We summarize here current status of experimental searches for LQs at the
LHC that were conducted by the CMS and ATLAS Collaborations. We again
note that the terms “electron”, “muon”, and “tau” are used generically to refer
to corresponding particles and anti-particles, if not otherwise stated, in what
follows.
The ATLAS experiment has performed a search for first generation scalar
LQs in pp collisions at
√
s = 7TeV using 1.03 fb−1 of data [487]. The events
under investigation had at least two jets and either two oppositely charged
electrons or one electron and missing energy. The observed event yields were
in agreement with the background expectations due to the SM physics. The
ATLAS experiment has accordingly excluded first generation scalar LQs with
masses below 660GeV (607GeV) for β = 1 (β = 0.5) at 95%C.L. (We always
denote with β the LQ decay rate into a charged lepton and a quark.)
The ATLAS Collaboration has also conducted a search for the production
of second generation scalar LQs with a total of 1.03 fb−1 integrated luminosity
of proton–proton collision data produced at
√
s = 7TeV at the LHC. This time
the final states that were looked at consisted of either two oppositely charged
muons and at least two jets or a muon plus missing transverse momentum and at
least two jets. Since the observed event yield was in agreement with the expec-
tations for the SM physics generated background the ATLAS Collaboration has
excluded the production of second generation scalar LQs for mLQ < 685 (594)
GeV for a branching ratio of β = 1.0 (β = 0.5) at 95% confidence level [488].
The CMS Collaboration has also presented a search for the pair produc-
tion of first and second generation scalar LQs at center-of-mass energy
√
s =
7TeV [489]. (For the individual searches for the pair production of first and
second generation scalar LQs at
√
s = 7TeV see Refs. [490, 491] and Ref. [492],
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respectively.) The data sample that was used for analysis corresponded to an
integrated luminosity of 5.0 fb−1. The events under investigation involved at
least two jets and either two charged leptons of the same flavor or a single
charged lepton and missing transverse energy. We will not discuss initial selec-
tion criteria but will again mention variables that are used for event selection
optimization. These are the invariant mass of the dilepton pair (Mll), the scalar
sum of the transverse momenta (SllT = pT (l1) + pT (l2) + pT (j1) + pT (j2)) of
the two leading pT leptons (l1 and l2) and the two leading pT jets (j1 and j2),
and the smallest of the two lepton–jet invariant masses that minimizes the LQ
mass difference (Mminlj ). The outcome of the analysis was an exclusion of scalar
LQ pair production at the 95%C.L. for masses below 830GeV (840GeV) for
the first (second) generation LQs assuming β = 1. The exclusion changed to
mLQ < 640GeV (mLQ < 650GeV) for the first (second) generation LQs for
β = 0.5 [489].
The ATLAS Collaboration has performed a search for third generation scalar
LQs through pair production using an integrated luminosity of 4.7 fb−1 of data.
These data were recorded at
√
s = 7TeV with the ATLAS detector [285]. The
underlying assumption was that LQs decay to a τ and a b with a branching
fraction equal to 100%, i.e., β = 1. The fact that no deviation was observed
with respect to the SM expectation allowed the ATLAS Collaboration to estab-
lish a lower limit on the third generation scalar LQ masses of 534GeV at 95%
confidence level [285]. This limit was improved upon by the CMS Collabora-
tion [493]. Namely, a search for pair production of third-generation scalar LQs
that decay exclusively into τ leptons and b quarks resulted in lower limits on
the LQ masses of 740GeV at 95% confidence level. The CMS search was based
on a data sample of proton–proton collisions at
√
s = 8TeV corresponding to
an integrated luminosity of 19.7 fb−1. The CMS Collaboration has also con-
ducted a search for pair production of third generation scalar LQs of electric
charge −1/3 that decay exclusively into τ leptons and t quarks [494] using the
data set corresponding to integrated luminosity of 19.7 fb−1 that was taken at
a center-of-mass energy of
√
s = 8TeV. The events that were studied contained
an electron or a muon, a hadronically decaying τ , and two or more jets. The
fact that the observations were found to be consistent with the SM predictions
allowed for exclusion of third generation LQs up to a mass of 685GeV at 95%
C.L.
Single production of scalar LQs in pp collisions at
√
s = 8TeV was studied
with the CMS detector [495, 496]. Namely, the CMS Collaboration has con-
ducted a search for production of first (second) generation scalar LQs with a
final state comprising two electrons (muons) and one jet. The data set that was
used in analysis corresponded to an integrated luminosity of 19.6 fb−1. Note
that the event selection for the single production of scalar LQs utilizes the in-
variant mass of the dilepton pair (Mll) and the scalar sum of the transverse
momenta (ST = pT (l1) + pT (l2) + pT (j1)) of the two leading pT leptons (l1 and
l2) and the leading pT jet (j1). The two leptons were required to be of opposite
electric charges. Due to agreement between observed candidate events and ex-
pected background events the CMS Collaboration produced exclusion limits on
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Yukawa coupling y LQ type Excluded mass (GeV)
0.4 1st gen. 895
0.6 1st gen. 1260
0.8 1st gen. 1380
1.0 1st gen. 1730
1.0 2nd gen. 530
Table 11: Excluded masses for single LQ production search as a function of Yukawa coupling
and LQ type at 95% confidence limit. Results are taken from Ref. [495].
mLQ as a function of Yukawa coupling y. We reproduce in Table 11 the content
of Table 2 of Ref. [495] that shows relevant exclusion limits on the LQ mass.
There were also two searches for pair-production of first generation [443]
and second generation scalar LQs [442] that were performed by the CMS Col-
laboration using proton–proton collision data at
√
s = 8TeV. The final states
under investigation were required to contain two electrons and at least two jets
or an electron, a neutrino, and at least two jets in case of the first generation
scalar LQ search [443]. The second generation search required charged leptons
in the final state to be muons. The data in both instances corresponded to an
integrated luminosity of 19.6 fb−1 and were collected by the CMS detector at
the LHC. Although the CMS Collaboration has excluded first generation scalar
LQs with masses less than 1005GeV (845GeV) for β = 1 (β = 0.5) [443] it has
observed, in both channels, a significant excess in the final selection optimized
for LQs with a mass of 650GeV. We show in Fig. 21 best fit of the observed
anomaly assuming that the branching fractions of LQ to go into ej or νj are not
related to each other. We also fix mass of LQ to be 650GeV. Obviously, if the
anomaly is real the LQ should decay into something else rather than the first
generation charged leptons. The most obvious solution is to have an LQ that
can also couple to muons (and/or taus) but the constraints coming from the
search for the second generation LQs do not allow for this possibility. Namely,
the CMS Collaboration has excluded second generation scalar LQs with masses
less than 1070GeV (785GeV) for β = 1 (β = 0.5) [442].
This anomaly has accordingly attracted attention of the high energy physics
community and there were several proposals put forth to explain the observed
discrepancy between the experimental signal and the SM expectations [497,
498, 499, 500, 501, 502, 503, 504, 505]. For example, the authors of Ref. [499]
have constructed a scenario that was able to account for the mild excess in the
eejj and eνjj channels that was observed by the CMS search for first genera-
tion LQs [443] through very specific combination of branchings and kinematics.
(The same scenario was used to accommodate the CMS observed `+`−jjE/T ex-
cess [506] in Ref. [507]. However, the explanation of the `+`−jjE/T excess has
required use of different part of parameter space with regard to the one used
to address excesses in the eejj and eνjj channels.) The study of Ref. [503],
on the other hand, has investigated the correlation between the eejj and eνjj
CMS excess and the resonant enhancement in the very high energy shower event
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Figure 21: The best fit of the CMS observed anomaly for mLQ = 650GeV.
rates at the IceCube experiment within a context of a simple LQ scenario. (The
production and subsequent decay of scalar LQs — R2 and R˜2 — within a frame-
work of unification model based on the SU(4)C ×SU(2)L×U(1)R gauge group
product at IceCube experiment has been discussed in Ref. [508].)
The CMS Collaboration has provided an update on the search for pair-
production of first generation and second generation scalar LQs that was per-
formed by using proton–proton collision data at
√
s = 8TeV [509]. This time an
integrated luminosity of 19.7 fb−1 was used to exclude first generation scalar LQs
with masses less than 1010GeV (850GeV) for β = 1.0 (β = 0.5), where β repre-
sents the branching fraction of an LQ decaying to a charged lepton and a quark.
The second generation scalar LQ limit, on the other hand, is mLQ > 1080GeV
(mLQ > 760GeV) for β = 1.0 (β = 0.5). The final states under consideration
were required to contain either two charged leptons and two jets, or one charged
lepton, one neutrino and two jets.
Finally, the ATLAS Collaboration has recently reported a search for pair
produced scalar LQs in 8TeV pp collisions with full 20 fb−1 of luminosity [510].
Stringent exclusion limits at 95 %C.L. are set on the first (mLQ > 1.05TeV) and
second (mLQ > 1.00TeV) generation LQs. Shown in Fig. 22 (left plot) are the
expected and observed limits on σ×β2 for LQ pair production with subsequent
LQ decay to e-jet final state. Blue line, on the other hand, represents the
predicted cross section (for β = 1) in QCD. It is interesting to notice that
the recent ATLAS analysis rules out the slight excess seen in the CMS search
(Fig. 22 (right plot)) for mLQ around 650GeV.
6. Conclusions
Physics of LQs is a very rich and mature subject. At the same time, it is
still a rapidly evolving field on both experimental and theoretical fronts. The
experimental constraints on these hypothetical particles that can turn quarks
into leptons and vice versa are set to be improved in current, upcoming and
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Figure 22: Exclusion limits on the LQ pair production cross section times the LQ branching
ratio to e–jet final state from ATLAS (left plot [510]) and CMS (right plot [509]).
future high energy and precision experiments. And, our ability to provide the-
oretical predictions of their presence goes hand in hand with the experimental
quest.
The main focus of this review was on the phenomenology of light LQs that
are relevant for precision experiments and particle colliders. We accordingly
presented tools that can enable one to extract constraints on the LQ interac-
tions with matter from precision low energy observables such as electric and
magnetic dipole moments of SM fermions, atomic parity violation, neutral me-
son mixing, pi, K, B, and D meson decays to name but a few examples. We also
addressed complementary constraints that originate from electroweak precision
measurements, top, and Higgs physics. We finally discussed and summarized
the current status of direct LQ searches at colliders.
Direct searches for LQs have pushed model independent lower limits on their
masses up to a TeV scale. For example, the CMS (ATLAS) Collaboration has
excluded first generation scalar LQs with masses less than 1010GeV (1050GeV)
with the 8TeV pp collision data. And, these limits are expected to become even
more stringent in the near future with the LHC run II and HL-LHC data. Indi-
rect searches are also reaching unprecedented levels of accuracy and precision,
cornering the available parameter space of LQ couplings to matter.
The hope is that LQs will eventually be experimentally observed. A lepto-
quark discovery would certainly point towards unification of quarks and leptons.
It might happen that the LQ detection could be further correlated with other
observed phenomena that are not well accommodated within the SM. Here we
primarily refer to neutrino masses, anomalies in flavor physics, dark matter, and
potential anomalies in collider physics. This, in our view, would nicely dove-
tail with the observed unification of weak and electromagnetic interactions and
potentially usher in a new era in particle physics.
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A. The leptoquark–Higgs couplings
We summarize below the couplings of leptoquarks with the SM Higgs boson
H ≡ (1,2,−1/2). We assume that only one leptoquark is present at a given
time. (See Table 1 for the LQ multiplet assignments under the SM gauge group
of SU(3) × SU(2) × U(1). See Section 1.1 for relevant nomenclature.) The
following two operators can be written in a compact form [19]
L ⊃− (ηΦm2Φ + λΦH†H)(Φ†Φ), (A.1)
where Φ stands for all leptoquarks and ηΦ = 1 (ηΦ = −1) for scalar (vector)
leptoquarks. It is understood that the (Φ†Φ) contraction is in the SU(3), SU(2),
and Lorentz space when appropriate. There is an additional operator for the
SU(2) doublet leptoquarks R˜2, R2, V˜2, and V2 that reads
L ⊃− λ′ΦH† aΦaΦ† bHb, (A.2)
where we only specify contraction in the SU(2) space. The operator relevant
for the SU(2) triplet leptoquarks S3 and U3 is
L ⊃− λ′′ΦH† a(τ iΦi)ab(τ jΦj)† bcHc, (A.3)
where τ i and τ j are Pauli matrices with i, j = 1, 2, 3. Finally, there is one more
operator for R˜2 that reads [22]
L ⊃+ hΦαβγabcdHaR˜b2αR˜c2 βR˜d2 γ , (A.4)
where α, β, γ = 1, 2, 3 (a, b, c, d = 1, 2) are SU(3) (SU(2)) indices.
B. The leptoquark gauge couplings
The purpose of this appendix is to state definitely the gauge couplings of
leptoquarks. First, we choose the gauge covariant derivative acting on the LQ
fields to be
Dµ = ∂µ + ig1Y Bµ + ig2I
kW kµ + ig3
λA
2
GAµ , (B.1)
where Y is the LQ hyper-charge, Ik are the SU(2) representation matrices, de-
pending on the SU(2) assignment of the LQ state. For SU(2) singlets Ik = 0,
k = 1, 2, 3, while for doublets Ik = τk/2, where τk are the standard Pauli matri-
ces. For the weak triplets (Ik)ij = −ikij , i, j, k = 1, 2, 3. Finally, all LQ states
transform as fundamental representation under SU(3) thus λA, A = 1, . . . , 8, in
Eq. (B.1) are the Gell-Mann matrices. After the electroweak symmetry breaking
we have e = g2 sin θW > 0 and g1/g2 = tan θW .
For a scalar leptoquark, labeled here as φ all the gauge interactions are
contained within the gauge invariant kinetic term:
L ⊃ (Dµφ)†(Dµφ). (B.2)
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For a vector leptoquark, V µ, one has to replace derivatives with covariant
derivative inside the canonic kinetic term − 12V µν †Vµν , where Vµν = ∂µVν −
∂νVµ. We define Dµν ≡ DµVν −DνVµ and write
L ⊃ −1
2
Dµν †Dµν +
∑
i=1,2,3
κiV
µ †F (i)µν V
ν . (B.3)
The sum in the last term that runs over all factors — U(1), SU(2), and SU(3) for
i = 1, 2, 3, respectively — in the direct product of the SM gauge group introduces
three new arbitrary dimensionless parameters κi. Here F
(1)
µν corresponds to the
U(1) gauge boson field strength Bµν , F
(2)
µν to Wµν , and F
(3)
µν to Gµν (cf. [511]
and references therein).
C. The leptoquark–quark–lepton couplings
We summarize below the couplings of scalar leptoquarks S3, R2, R˜2, S˜1, S1,
and S¯1 to the quark–lepton pairs. (See Table 1 for the LQ multiplet assignments
under the SM gauge group of SU(3)× SU(2)× U(1).)
L ⊃+ yLL3 ijQ¯C i,aL ab(τkSk3 )bcLj,cL −
− yRL2 ij u¯iRRa2abLj,bL + yLR2 ij e¯iRRa ∗2 Qj,aL −
− y˜RL2 ij d¯iRR˜a2abLj,bL + y˜LR2 ijQ¯i,aL R˜a2νjR
+ y˜RR1 ij d¯
C i
R S˜1e
j
R+
+ yLL1 ijQ¯
C i,a
L S1
abLj,bL + y
RR
1 ij u¯
C i
R S1e
j
R + y
RR
1 ij d¯
C i
R S1ν
j
R+
+ y¯RR1 ij u¯
C i
R S¯1ν
j
R + h.c. (C.1)
We summarize below the couplings of vector leptoquarks U3, V2, V˜2, U˜1, U1,
and U¯1 to the quark–lepton pairs.
L ⊃+ xLL3 ijQ¯i,aL γµ(τkUk3,µ)abLj,bL +
+ xRL2 ij d¯
C i
R γ
µV a2,µ
abLj,bL + x
LR
2 ijQ¯
C i,a
L γ
µabV b2,µe
j
R+
+ x˜RL2 ij u¯
C i
R γ
µV˜ b2,µ
abLj,aL + x˜
LR
2 ijQ¯
C i,a
L γ
µabV˜ b2,µν
j
R+
+ x˜RR1 ij u¯
i
Rγ
µU˜1,µe
j
R+
+ xLL1 ijQ¯
i,a
L γ
µU1,µL
j,a
L + x
RR
1 ij d¯
i
Rγ
µU1,µe
j
R + x
RR
1 ij u¯
i
Rγ
µU1,µν
j
R+
+ xRR1 ij d¯
i
Rγ
µU¯1,µν
j
R + h.c. (C.2)
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